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Abstract  
Seedling field performance is affected by both their quality and restoration site 
conditions. Seedlings enter the establishment phase when they start to develop root 
systems into the surrounding soil and are coupled to the restoration site. Once 
seedlings are established, their inherent growth potential is related to morphological 
and physiological attributes and their ecophysiological response to site environmental 
conditions, which ultimately determines field performance. This establishment phase 
is a time when seedlings developed with certain nursery cultural practices begin to 
respond to site conditions. This phase is also a period when silvicultural practices have 
created microsites intended to benefit established seedlings field performance. 
Seedlings can be exposed to a wide range of environmental conditions during the 
establishment phase, some of which may be extreme enough to exceed their ability to 
physiologically tolerate environmental stress. When this occurs, seedling growth on 
the restoration site is reduced. On the other hand, this phase can provide planted 
seedlings with ideal environmental conditions that allow for an optimum physiological 
response and maximization of their growth potential. An understanding of the 
ecophysiological capability of planted seedlings can ensure their best chance at rapid 
stand establishment.  
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1 Introduction 
Forest restoration sites are unique ecosystems, because disturbance of the 
site alters the basic forested stand structure and function. This altered stand structure 
influences many processes of the future ecosystem and microsite environment in 
which seedlings are planted. Newly planted seedlings undergo a series of 
developmental phases (planting stress, establishment, and transition) on reforestation 
sites (Grossnickle 2000). Seedlings may undergo various transplanting stresses before 
they can initiate growth and become ‘‘coupled’’ into the forest ecosystem (Grossnickle 
2005a). Furthermore, if these environmental stresses are excessive (Grossnickle 
2005a) or seedlings are of poor quality (Grossnickle 2012; Grossnickle and MacDonald 
2018), then poor field performance can occur. This is why seedling performance just 
after planting is critical to their survival and growth (Burdett 1990). The establishment 
phase is a period when silvicultural practices have reduced the vegetation, thereby 
creating sites free from competition of established plants (Spies 1997; Grossnickle 
2000). Once seedlings enter the establishment phase, their inherent growth potential 
is related to morphological and physiological attributes (Burdett 1990) and their 
ecophysiological response to site environmental conditions (Margolis and Brand 
1990), which ultimately determines seedling field performance. These post 
disturbance forest restoration sites are the only period when tree canopies do not 
dominate the forest site, and so this stage can have a high level of prolific of plant 
species (e.g. grasses, herbs and shrubs) due to large nutrient fluxes, resulting in high 
structural and spatial complexity (Keenan and Kimmins 1993; Swanson et al. 2011). 
Thus, the transition phase is defined as a period when competing vegetation begins to 
reinvade the reforestation site and impose limitations on seedling performance 
(Grossnickle 2000). These developmental phases are conceptual in nature because 
their timeframe varies inversely with rapidity of seedling growth versus the field site 
vegetation complex. Thus they are used to identify and examine specific processes 
that can occur after planting seedlings on restoration sites. 
Developing an understanding of the ecophysiological performance of tree 
species planted on a forest restoration site is required to provide practitioners with 
the knowledge of how seedlings grow. From an anthropocentric perspective, this 
understanding can provide a seedling’s view of restoration practices effect on their 
performance. This provides an understanding of how silvicultural practices directly 
affect seedling physiological response to specific environmental conditions (Margolis 
and Brand 1990; Colombo and Parker 1999) and is reflected in their actual growth on 
reforestation sites (Grossnickle 2000). 
During the establishment phase seedlings have an opportunity to develop 
under a range of site conditions; from an open site to partial forest retention 
silviculture systems. Thus, site disturbance has a direct effect upon the site 
microclimate, thereby affecting site energy hydrologic and nutrient cycles (Swanson et 
al. 2011) and this directly influences the physiological response of seedlings during the 
establishment phase (Margolis and Brand 1990; Grossnickle 2000). The concept of an 
“operational environment” defined by Spomer (1973) is appropriate to a discussion of 
the seedling environment, as it includes only those biotic and abiotic factors directly 
interacting with or capable of being exchanged with seedlings during their 
establishment phase. Seedlings can be exposed to a wide range of environmental 
conditions, some of which may be extreme enough to exceed their ability to 
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physiologically withstand environmental stress (Grossnickle 2000; Dumais and Prévost 
2008). When this occurs, growth of seedlings is reduced. On the other hand, this phase 
can also provide seedlings with ideal environmental conditions that allow for an 
optimum physiological response and a maximization of their growth. 
Following examples provide ecophysiological response patterns of conifer 
species within restoration programs in the boreal forests (Spruce species, Picea spp.) 
and the Pacific Northwest (western redcedar Thuja plicata Donn). It is recognized 
there is species variation, and within species genetic variation (Zobel and Talbert 
1984), that dictates the specific range of physiological responses that can occur to site 
environmental conditions (e.g. Mitton 1995). It is also recognized that restoration sites 
in forest ecosystems throughout the world are exposed to a differing array of 
microsite environmental conditions. All combinations of restoration site conditions are 
not discussed. The intent of examples presented are to show that growing season site 
conditions affect plant ecophysiological responses and subsequent seedling 
performance during the establishment phase. By understanding tree species 
ecophysiological response patterns to growing season site conditions, one can apply 
best silvicultural practices to ensure that planted seedlings survive and respond with 
rapid growth. 
2 Response to the energy cycle  
2.1 Seedling environment  
Full sunlight (i.e. radiant energy) falls on the restoration site during the 
establishment phase when the site vegetation complex is removed. This means that 
energy distribution can result in the soil surface receiving 10–20 times more 
shortwave radiation on a clear, summer day (Fowler and Anderson 1987; Spittlehouse 
and Stathers 1990) because what was previously captured within the forest canopy is 
now intercepted at or near the soil surface. This means that photosynthetically active 
radiation received at a site at sea level under full sunlight conditions is 450Wm–2 or 
2000 μmol m–2 s–1. Thus, seedlings receive solar energy as direct light from the sun, or 
as light that has been modified as it passes through the atmosphere, or is reflected off 
objects. Light levels and energy balance in the atmosphere near the soil surface and 
upper portions of the soil profile are of great importance to forest restoration efforts 
because these regions determine the daily seedling environment. 
Alternatively, if a partial stand retention silvicultural system is applied the 
amount of sunlight reaching the ground is dependent on percent retention of the 
original forest stand structure. Structure and species composition of the canopy, stand 
density, variation in sun position, sky conditions, and proportion of direct to diffuse 
solar irradiance determines the amount of soil surface radiation (Federer and Tanner 
1966; Reifsnyder et al. 1971; Jarvis et al. 1976). For example, the presence of a 
continuous forest overstory results in ~80% of light absorbed by conifer (Larcher 1995) 
and hardwood (Groot et al. 1997; Messier et al. 1998) forests, though there is a 
dynamic seasonal pattern in the range of light transmission (i.e. low during the 
growing season) through a deciduous forest canopy. Height, density, and leaf 
orientation of vegetation cover has a direct influence on the interception of light 
reaching seedlings (Spittlehouse and Stathers 1990; Shainsky and Radosevich 1992). 
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On open forest restoration sites, daytime air temperatures at seedling height 
are greater and nighttime air temperatures lower than those found in a forested 
stand, with soil having their highest yearly temperatures and stored heat during the 
growing season (Grossnickle 2000). Growing season temperature conditions go 
through a daily cycle with positive net radiation during the daytime causing morning 
temperatures to rise in regions near the soil surface, with this positive input 
continuing until early afternoon, when air and soil surface temperatures reach their 
maximum daily values. This concentration of solar energy near the ground means that 
maximum daily air temperature at seedling height can be 10°C higher than air 
temperatures at 2 m, with soil or litter surfaces up to 30°C higher (Geiger 1980; 
Spittlehouse and Stathers 1990). At night under clear skies, heat is lost from ground to 
sky as thermal radiation, with heat stored in soil transferred to the soil surface and 
then to the sky, with soil acting as a source of atmospheric heat resulting in the soil 
profile being slightly warmer than the atmosphere just before dawn (Geiger 1980). As 
a result, air temperatures at seedling height on open restoration sites site are greater 
during the daytime and lower during the nighttime than those found in a forested 
stand. 
Forest canopy removal also causes an increase in seasonal soil temperatures 
(Hungerford 1979; Childs et al. 1985; Viereck et al. 1993) with heat sums during the 
summer in boreal forest stands 25% less than occur on an open restoration site 
(Viereck et al. 1993). The capacity of a soil to store or transfer heat and maintain a 
specific soil temperature is determined by their thermal properties (i.e. composition, 
bulk density, and water content) (Geiger 1980). Extreme diurnal soil surface 
temperatures can occur, especially in dry organic soils having very low thermal 
conductivity. Soil surface temperatures of open restoration sites can normally be 2.5–
3.0 times greater than soil surfaces under a heavy vegetation cover (Spittlehouse and 
Stathers 1990), with soil surface temperatures on open sites sometimes reaching 40–
50°C, and in certain instances exceeding 55°C (e.g., Day 1963; Ballard 1972; Nobel and 
Alexander 1977; Tranquillini 1979) and 60°C (Kolb and Robberecht 1996). In addition, 
light vegetation cover that allows sunlight to reach the soil surface can create 
conditions where temperatures around the seedling are 20°C higher than similar site 
conditions without vegetation cover (Grossnickle and Reid 1984a). This is because 
partially open vegetation cover can trap heat absorbed by the soil and not let wind 
currents or thermal transfer of radiation effectively dissipate a heat buildup, thereby 
causing soil surface temperatures to rise to extremely high levels (Geiger 1980). 
In northern latitude and high elevation forests, canopy removal can increase 
frost events during the growing season (i.e. inflow of a cold air mass and radiative 
frost). Radiative frosts occur during the summer on calm and clear nights when the 
ground surface cools due to thermal energy transfer into the air. As a result, clear sky 
conditions can result in a 4–5°C decrease in minimum air temperature at seedling 
height (Geiger 1980; Stathers 1989) with temperatures 2–6°C lower than air 
temperatures found under a forest canopy (Stathers 1989; Örlander et al. 1990; Groot 
and Carlson 1996; Groot et al. 1997). Temperature near the soil surface can decreases 
rapidly, and frost occurs at 5–15 cm even though air temperature above the ground 
(at 1.3 m) is well above the freezing point (Grossnickle 2000). 
Site exposure to high light conditions can create microsites where established 
seedlings are exposed to up to a 50 to 60°C temperature range on any given day 
during the growing season. Thus, open restoration sites can create microsites with a 
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range of light and temperature conditions. Seedlings ability to endure a wide range of 
growing season light and temperature conditions determines their ability to grow on 
open restoration sites. 
2.2 Seedling response  
Light 
 
Spruce species have a two-phase net photosynthesis (Pn) response to growing 
season light level conditions. As light intensity increases from dark conditions, a point 
is reached where the photosynthetic uptake of CO2 equals its release due to 
respiration (i.e. light compensation point at <5% full sunlight) (Figure 1a). The light 
compensation point varies because of many factors: species, needle type, needle age, 
CO2 concentration in the air, and air temperature (Pallardy 2008). As light levels 
increase up to 25–33% full sunlight, Pn rises rapidly and then increases only gradually 
after that point; independent of changes in vapor pressure deficit (VPD) (Figure 1a). 
Between 25 and 50% full sunlight Pn reaches light saturation of photosynthetic 
processes; which is a comparable across spruce species (Grossnickle 2000). Thereafter, 
increasing light results in only a slight increase in Pn. Spruce species shoot system 
needle distribution can cause Pn not to reach complete light saturation of all foliage 
because of mutual needle shading (Leverenz and Jarvis 1979). This is why there is still 
a gradual increase in Pn at light that is normally considered above spruce species light 
saturation level (Figure 1a). 
 
Figure 1. Growing season light response for interior spruce ((Picea glauca (Moench) Voss x Picea engelmannii Parry ex 
Engelm.)); (a) Net photosynthesis (Pn) response to increasing photosynthetically active radiation (PAR) (adapted from 
Grossnickle and Fan 1998); (b) percent vegetation cover effect on light at seedling height (adapted Spittlehouse and 
Stathers 1990; Stathers et al. 1990); (c) diameter growth rates (average increment per year over 3, 4, and 5 years after 
field planting) in relation to percent of full sunlight on sites with a range overstory canopy structure (adapted from Coates 
and Burton 1999). 
 From the establishment into the transition phase, light level received by 
seedlings is determined by the degree of forest canopy retention and how rapidly fast-
growing early seral stage species occupy the site. Thus, the amount of solar radiation 
(a)
(c)
(b)
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reaching a seedling is directly related to vegetation cover (Figure 1b) and 
developmental stage of competing vegetation (Draper et al. 1988; Comeau et al. 
1993). Solar radiation reaching seedlings has a direct influence on their shoot growth. 
Height growth typically increases to 40-60% of full sunlight, and thereafter shows no 
further growth improvement, while diameter growth of spruce seedlings continues to 
increase at greater light levels (Figure 1c) (Grossnickle 2000). 
Within partial forest canopy retention systems, spruce seedlings in some cases 
have improved growth (Tanner et al. 1996; Man and Lieffers 1999), while numerous 
studies have found limited growth (Hagner 1962; Youngblood and Zasada 1991; 
Kabzems and Lousier 1992; Groot 1999) when compared to seedlings planted in 
adjacent open sites. Meta-analysis found that this variability in seedling performance 
is related to degree to which partial forest canopy retention, or gaps, alters energy 
and hydrologic cycles (Zhu et al. 2014). Recent work on spruce seedlings planted in 
overstory mixed wood covers found they had better ecophysiological response and 
greater growth in openings that maximized light transmission (Dumais and Prévost 
2014; Dumais et al. 2018; Rutenbeck et al. 2018). Historical (Gustafson 1943; Eis 1967) 
and recent (Dumais et al. 2018; Lu et al 2018) findings report that spruce seedlings 
growth is suppressed when the overstory results in <25% full sunlight reaching the 
forest floor. This need to exceed 30% of full sunlight in these forest retention systems 
compares with the rapid rise to 40-50% of maximum Pn in spruce seedlings with an 
increase of up to 25–33% full sunlight (Figure 1a). 
Stocktype selection in relation to potential site conditions can ensure planting 
of seedlings that have a growth advantage over competing vegetation (Grossnickle 
and MacDonald 2018). For example, height at planting can forecast growth on sites 
with competing vegetation because taller seedlings keep their height advantage over 
time (Grossnickle 2005b; Pinto et al. 2011; Pinto et al. 2015), and this advantage 
(Jobidon et al 2003; Rose and Ketchum 2003; Grossnickle 2005b; Haase et al. 2006; 
Morrissey et al. 2010; Thiffault et al. 2014; Devetaković et al. 2017) allows them to 
outgrow competitors (South et al. 2005; Youngblood et al. 2011). Seedling diameter is 
considered the most reliable indicator of field performance (Mason et al. 1996; Levy 
and McKay 2003), with a positive relationship between initial stem diameter and 
growth after planting (i.e. reported in 91% of studies, Grossnickle and MacDonald 
2018). This is because seedlings with a large stem diameter have a greater shoot 
system size resulting in superior shoot-system development, due to a greater number 
of branches, buds, and foliage in conifers (Grossnickle 2005b) and hardwoods (del 
Campo et al. 2010). This greater shoot system size can be important on sites where 
soil water and nutrients are not limiting with competition for light between planted 
seedlings and other vegetation the main factor limiting growth. 
As seedlings move from the establishment to transition phase, growth can be 
reduced when neighboring vegetation reaches a sufficient height and density to 
reduce light (Grossnickle 2000). Removal of vegetation through various site 
preparation treatments can increase incoming light (Draper et al. 1988; Brand 1991), 
thereby increase spruce seedling growth (Comeau et al. 1993). After openings are 
created, the degree of new vegetation cover within the opening is dependent upon 
original opening size and ingress of competing vegetation. These factors change over 
time in a dynamic pattern between seedlings and competing vegetation (Örlander et 
al. 1990). The pattern of incoming light can be manipulated through site preparation 
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and vegetation management techniques, to temporarily allow planted seedlings 
access to incoming light. 
 
Temperature 
 
Seedlings have a series of physiological responses across the growing season 
temperature range they can be exposed on restoration sites. Temperatures can range 
from freezing to as high as 60 °C. Spruce species have an ecophysiological profile to 
this range of growing season temperature conditions (Figure 2). This profile provides 
examples of how temperature conditions influence seedling development. 
 
Figure 2. Growing season temperature profile for spruce (Picea spp.) seedlings. This temperature profile shows how 
spruce species physiological processes change along the following temperature gradient: at temperatures -10oC death 
occurs due to freezing (1; Grossnickle 2000); at - 5 oC is a critical temperature that causes reduced net photosynthesis (Pn) 
(2; Dang et al. 1992) and growth (1); from 0 to 15 oC there is reduced growth (1) and at these low soil temperatures there 
is reduced water uptake (3; Kaufman 1975 & 4; Grossnickle 1988), with Pn increasing as the air and soil temperatures 
increase (1); at a range from 15 to 25 oC there is optimum growth, shown as a diagrammatic representation of an 
established seedling (5; Grossnickle and Major 1994 – from morphological data n= 25) & Pn (1); from 25 to 40 oC there is 
reduced growth (1), and increasing respiration (Rd) and decreasing Pn (6; Benomar et al. 2018 & 7; Weger & Guy 1991); 
from 40 to 55 oC damage occurs based on exposure time at a given temperature (8; Colombo & Timmer 1992); from 55 to 
60 oC death occurs (9; Seidel 1986). 
On open northern latitude restoration sites where the forest canopy has been 
removed, seedlings can be exposed to frost events during the growing season. These 
frost events are considered a chief problem in establishing tree plantations in northern 
latitude forests (Sakai and Larcher 1987) because frosts occur when spruce species 
have low freezing tolerance during shoot elongation (Figure 2). Freezing during the 
growing season can also reduce spruce species stomatal conductance (gwv) (Kaufmann 
1982; Smith et al. 1984), with Pn depressed for days after exposure to a freeze event 
(DeLucia 1987; DeLucia and Smith 1987; Dang et al. 1992; Welander et al. 1994). As a 
result, summer frosts can have long-term effects on stand development by causing 
seedling damage (Luoranen et al. 2018) and reducing growth (Glerum and Paterson 
1989; Stathers 1989; Krasowski et al. 1993). On sites subjected to frequent summer 
frosts, reductions in cover may be more detrimental than beneficial to initial 
performance of spruce seedlings. For example, vegetation cover reduced exposure to 
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freezing temperatures and allowed white spruce (Picea glauca Moench) seedlings to 
have higher spring and fall seasonal Pn compared to open-grown seedlings (Man and 
Lieffers 1997). Optimum regeneration niche on northern latitude restoration sites 
would protect from both radiative frosts and intense sunlight, as this combination of 
environmental conditions causes damage to the photosynthetic system (Ball 1994). On 
sites with no vegetation cover site preparation (e.g. burning, scalping, trenching, and 
mounding) (Stathers 1989; Steen et al. 1990; Örlander et al. 1990) or planting 
seedlings near stumps and downed logs (Spittlehouse and Stathers 1990) can decrease 
the risk of radiation frost damage. This microsite effect can cause enough of a 
temperature increase above the critical freezing point to prevent seedling damage 
during the growing season.  
Low air and soil temperatures can reduce gas exchange processes of spruce 
species during the growing season. The Pn declines at air temperatures that are just 
below and above freezing (Figure 2). Seedlings can have restricted water uptake in 
cold soils even when there is available soil water (Kaufmann 1975; Grossnickle 1988). 
At root temperatures below 10 °C there is a decrease in Pn, with very little effect at 
root temperatures above 10 °C (DeLucia 1987). 
Rooting zone soil temperatures in northern latitude restoration sites normally 
range between 6 and 12 °C during the growing season when vegetation has not been 
removed (Grossnickle 2000). Site preparation treatments that remove shading 
vegetation (Spittlehouse and Childs 1990) or raise the soil surface (i.e. mechanical site 
preparation creating mound or berm planting spots) (Spittlehouse and Stathers 1990; 
Örlander et al. 1990; Kubin and Kemppainen 1994; Hansson et al. 2018) cause an 
increase in soil temperature. Reoccupation of the site by competing vegetation results 
in a decrease in soil temperature (Youngblood et al. 2011). Site preparation 
treatments need to create a window of open site conditions on cold soil sites to 
improve soil temperatures to ensure seedling growth. 
Optimal temperature range for both photosynthesis and dry matter 
production, as a rule, is no wider than 10 °C and is related to the species natural 
thermal climate (Larcher 1995). Spruce species reach maximum Pn at air temperatures 
between 15 and 25 °C and this temperature range is also where optimum growth 
occurs (Figure 2). 
Spruce species have a decrease in Pn above ~25°C, with very low or no Pn at 
temperatures >35–40 °C (Figure 2). This shows that photosynthetic capacity of spruce 
can be adversely affected by air temperatures higher than ~25 °C. Warm temperatures 
increase photosynthates use for maintenance respiration in tree species (Pallardy 
2008). Actively growing spruce species have a continual increase in respiration rates as 
temperature increases up to 40 °C (Figure 2). Interaction of these gas exchange 
conditions can limit seedling growth on sites exposed to warm growing season 
temperatures. 
Heat damage can occur through direct plant exposure to high air 
temperatures or through heat stress accumulation over a period of time (Levitt 1980). 
Spruce seedlings are damaged at a temperature of 36 °C after 3 h of exposure 
(Koppenaal et al. 1990), with damage occurring after less exposure time as 
temperatures increase up to 55 °C (Figure 2). Constriction of the root collar at ground 
level (“heat girdling”) occurs in field-planted seedlings at soil surface temperatures 
>46 °C (Tranquilini 1979). Seedlings with a large stem diameter at planting is a 
measure of their sturdiness and helps reduce heat damage (Cleary et al. 1978; Mexal 
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and Landis 1990; Tsakaldimi et al. 2005); thus, this plant attributes can mitigate heat 
stress (Grossnickle 2012; Grossnickle and MacDonald 2018). Seedlings that have 
developed root systems to access soil water can move water through their stems and 
transpire under high heat conditions (i.e. cooling effect), thereby improve their 
survival capability (Kolb and Robberchet 1996). However, when temperatures exceed 
55 °C for short durations it can cause irreversible tissue damage and plant death 
(Seidel 1986; Larcher 1995; Kolb and Robberchet 1996). 
Application of silvicultural practices to alter the soil surface structure or 
constituency, or reduce the amount of incoming solar radiation received at the soil 
surface, mitigates potential heat damage (Helgerson 1990) and seedlings water 
balance and gas exchange response (Grossnickle and Reid 1984a&b; Montague et al. 
2000) during the establishment phase. Practices can be applied to reduce seedling 
exposure to extreme heat (e.g. removing surface litter or dark organic matter, planting 
on north-facing side of trenches or furrows created through mechanical site 
preparation treatments, shading from natural site features or shade cards, or by 
leaving an adequate overstory vegetation cover) (Grossnickle 2000). 
Silvicultural practices can create microsites with a range of soil temperatures. 
These practices will result in a spruce seedling ecophysiological response which affects 
their field performance. Before applying these practices to recently planted seedlings, 
foresters need to identify whether growing season frosts, low or high microsite 
temperatures are likely to be a site environmental factor limiting their performance. 
3 Response to the hydrological cycle  
3.1 Seedling environment  
Water inputs into the hydrologic cycle come primarily through precipitation 
and secondarily through downslope drainage. Losses occur through many sources, 
including interception of rainfall by vegetation, evaporation from plant and soil 
surfaces, soil drainage, and vegetation transpiration. Restoration sites where the site 
vegetation complex has been reduced through forest canopy removal can lower total 
stand transpiration rates (Hornung and Newson 1986) and site evapotranspiration 
(Miller 1983) resulting in potentially readily available soil water. However, at the 
effective rooting depth of established seedlings, other vegetation cover can compete 
for soil water (Sutton and Tinus 1983), resulting in localized conditions of soil water 
deficit (Newton and Comeau 1990). Alternatively, forest canopy removal can cause the 
water table to rise into surface layers where it can come in contact with root systems 
of recently planted seedlings (Williams and Lipscomb 1977; Dubé et al. 1995). 
Restoration sites can present conditions where seedlings are exposed to either low or 
excessive soil water at the effective rooting depth during the growing season. 
Amount of plant available soil water in unsaturated soils is dictated largely by 
size distribution of individual soil particles, or soil texture. Relative amount of water 
retained in the upper soil layers as capillary water and the portion that sinks through 
as gravitational water depends upon the soil type. Soils with small pore size (i.e. 10 
mm diameter) hold water, while coarser soils (pores >60 mm) allow water to rapidly 
pass through (Hillel 1971). As a result, water drains rapidly from coarse-textured soils, 
resulting in a lower soil water potential than mineral soils under unsaturated 
conditions. As soil dries, there is an attraction of water to soil particles resulting in 
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lower or more negative soil water potentials (Kohnke 1968). Soil texture also affects 
soil water availability through its influence on hydraulic conductivity. Soil hydraulic 
conductivity is higher in very porous soils under saturated conditions, while 
conductivity under unsaturated soil conditions is higher in soils with smaller soil pores 
(Kohnke 1968). Consequently, effective rooting zone soil texture can create stressful 
conditions (e.g. coarse textured soils below saturated conditions), requiring seedlings 
to tolerate low plant water potentials necessary for water uptake (Dosskey and Ballard 
1980; Bernier 1992). 
Forest soils can also become anaerobic whenever there is an elevated water 
table or when an impermeable subsoil or flooding reduces soil aeration (Kozlowski 
1982a). Water itself is not damaging, and trees can grow in aerated, nutrient-rich 
water. Roots are damaged in flooded soils from the lack of oxygen, which causes roots 
to produce ethylene and toxic substances (Kozlowski 1982a), and this effects seedling 
performance. However, an increased soil water table on restoration sites is usually 
short-lived as competing vegetation starts to occupy the site. 
Site factors that affect the soil energy balance (i.e., incoming solar radiation 
that affects air temperature and relative humidity) also affect water losses that occur 
through soil evaporation, plus water uptake by vegetation and their transpirational 
transfer to the atmosphere. Atmospheric humidity has a strong effect on the site 
hydrologic cycle through its effect on evapotranspiration processes. Vapor pressure 
deficit (VPD) is the difference between saturated water vapor pressure and ambient 
vapor pressure at a given temperature. VPD can be viewed as an indicator of the 
drying power of air. VPD is the driving force that cycles water back into the 
atmosphere through evaporation of water from the soil and transpiration from plants. 
VPD fluctuates in an interdependent fashion with changes in both air temperature and 
relative humidity. Forest canopy removal can cause a reduction in the relative 
humidity (Reynolds et al. 1997) and an increase in VPD (Marsden et al. 1996; Groot et 
al. 1997), thereby increasing growing season site evapotranspiration (Viereck et al. 
1993). 
3.2 Seedling response  
Soil water availability is one of the most critical environmental parameters 
required for successful seedling establishment (Grossnickle 2000). Water is essential 
for normal functioning of trees; with either too little or too much water limiting their 
physiological processes and subsequent morphological development (Pallardy 2008). 
Flooding causes limited soil aeration, with this limitation dependent on soil 
temperature and season (i.e. flooded soils have a greater effect on seedling 
performance during the active growth phase and under warmer soil temperatures) 
(Kozlowski et al. 1991). Under conditions of excessive soil water, total anoxia can occur 
and plant tissues are unable to sustain metabolic processes. Flooding causes reduced 
gwv and Pn because poor aeration impedes water uptake by roots, causing a drying of 
needles (Kozlowski 1982a). For example, spruce seedlings planted into flooded soils 
showed reduced gwv and lower predawn water potential (Ψpd) (Grossnickle 1987) and 
reduced Pn (Dang et al. 1991) under flooded soil conditions. In addition, spruce 
seedlings have reduced root regeneration due to low soil aeration, and this results in 
limited shoot growth (Grossnickle 2000). Silvicultural practices that raise the planting 
spot elevation, or increase water drainage can create favorable edaphic conditions for 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   120 
 
conifer seedlings to develop roots into the soil (Adams et al. 1972; Söderstöm 1981; 
Lieffers and Rothwell 1986; von der Gönna 1989), resulting in enhanced shoot growth 
(Söderstöm 1981; Lieffers and Rothwell 1986; Schaible and Dickson 1990; Hånell 1992; 
Wells and Warren 1997). 
Water stress occurs in trees when their water deficit reaches a level which 
negatively affects their physiological process (Teskey and Hinckley 1986). Different 
physiological activities in a plant cease to function at different values of plant Ψpd, (i.e. 
a measure of plant water status in relation to available soil water; Ritchie and Hinckley 
1975) with Figure 3 providing a profile of how western red cedar responds to a range 
of water status conditions. Under high levels of available soil water, stomata are open 
(Lassoie et al. 1985), there is the potential for high levels of Pn (Kozlowski et al. 1991), 
and there is optimum growth (Figure 3). Plant Ψ levels that are >-0.5 MPa are 
considered optimum water status levels for growth (Hsiao 1973). Western redcedar 
seedlings have a continuous increase in shoot growth and can develop a well-formed 
root system when soil water is available (Figure 3). 
As soil water becomes slightly restricted in western redcedar (i.e. Ψpd declines 
from -0.5 to -1.0 MPa), shoot growth decreases by 33% (Figure 3). Studies show root 
growth in tree species declines and then stops over this range of soil water status 
(Kozlowski et al. 1991). These moderate levels of plant water stress can reduce 
seedling growth and cause complete growth cessation between -0.5 and -1.5 MPa in 
conifer species (Kozlowski 1982b; Grossnickle 2000). For example, a recent paper on 
piñon pine (Pinus edulis) found zero growth when Ψpd declined to -1.3 MPa 
(Manrique-Alba et al. 2018). 
As soils dry the rate of soil water movement to the seedling root system is 
restricted, limiting access to soil water. As a result, relative resistance in the soil-plant-
atmosphere continuum (SPAC) increases because the root system is unable to take up 
sufficient water from surrounding soil to meet evaporative demands placed upon the 
shoot system by the atmosphere (Elfving et al. 1972; Hinckley et al. 1978). This causes 
water stress and reduces gas exchange processes. For example, as available soil water 
declines, causing a decrease in Ψpd, western redcedar maximum daytime gwv declines 
and Pn decreases (Figure 3). This same response pattern occurs across all tree species 
(e.g. Jarvis and Jarvis 1963; Hinckley et al 1981; Kozlowski 1982b; Lassoie et al. 1985; 
Kozlowski et al. 1991; Grossnickle 2000; Pallardy 2008). Interestingly, western 
redcedar was able to maintain a high level of gwv as Ψpd declined over the summer on a 
restoration site (Grossnickle 1993) and this response pattern is comparable to jack 
pine (Pinus banksiana Lamb.) seedlings on a boreal reforestation sites (Grossnickle and 
Blake 1986, 1987). In contrast, restoration site observations found western hemlock 
(Tsuga heterophylla (Raf.) Sarg.) (Grossnickle 1993) and spruce species (Grossnickle 
2000) stomata to be very sensitive to drought; resulting in a rapid decline in gwv and Pn 
as Ψpd decreases. Western redcedar and jack pine show characteristics of an 
anisohydric plant species (i.e. maintain higher gwv for a given Ψpd to sustain 
photosynthetic capability), while western hemlock and spruce species behave more 
like isohydric plants (i.e. respond quickly to declining Ψpd by reducing gwv in order to 
avoid excessively low Ψ) (McDowell et al. 2008). It has been hypothesized that 
anisohydric type plants, such as western redcedar, have a greater risk of hydraulic 
failure because they have less strict stomatal regulation in response to drought 
(McDowell et al. 2008). Species differences in gas exchange response patterns to their 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   121 
 
water status need to be considered when applying silviculture practices to mitigate 
potentially stressful field site environmental conditions. 
 
  
Figure 3. Growing season seedling water balance profile for western redcedar (Thjua plicata). This profile shows how 
established western redcedar seedlings (1; adapted data from Folk et al. 1994 showing optimum growth due to readily 
available soil water [a diagrammatic morphological representation; n= 20]) respond to changing water status. 
Physiological processes change along the following predawn water potential (Ψpd) gradient: from a Ψpd 0 to -0.5 MPa 
optimum growth (2; Fan et al. 2008) & Net photosynthesis (Pn) (3; Grossnickle et al. 2005); from Ψpd -0.5 to -1.0 MPa 
growth declines (2), while there is an initial decline in maximum stomatal conductance (MAXgwv) (4; Grossnickle 1993) and 
Pn (5; Grossnickle and Russell 2010); from Ψpd -1.1 to -1.7 MPa growth stops (5); from Ψpd -1.1 to -2.5 MPa MAXgwv (4) and 
Pn (5) decline to zero; from Ψpd -2.5 to -3.0 MPa MAXgwv (4) and Pn (5) are at zero, with an extended timeframe possibly 
resulting in carbon starvation (6; McDowell et al. 2008); at Ψpd <-3.0 MPa death occurs (7; Grossnickle unpublished data) 
attributed to hydraulic failure (6). 
Ѱ 0 (MPa)
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1
-1.1
-1.2
-1.3
-1.4
-1.5
-1.6
-1.7
-1.8
-1.9
-2
-2.1
-2.2
-2.3
-2.4
-2.5
-2.6
-2.7
-2.8
-2.9
-3
-3.1
-3.2
-3.3
-3.4
-3.5
-3.6
-3.7
-3.8
-3.9
-4
Growth declines (2) while 
Stomatal conductance (4) & 
Photosynthesis (5) start to decline.
Growth stops (5) while
Stomatal Conductance (4) &
Photosynthesis (5) decline
Stomatal Conductance &  
Photosynthesis decline to zero 
(4&5), with extended stress leading 
to damage by Biotic Agents (6)
Death (7) due to 
Hydraulic Failure (6)
If extended time, 
Death due to Carbon
Starvation (6)
Optimum Growth (2)
& Photosynthesis (3)
(1)
(7)
(3)
(5)
(2)
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   122 
 
As drought conditions become more severe, excessive water stress can result 
in either carbon starvation or hydraulic failure, and subsequently plant death 
(McDowell et al. 2008). Western redcedar can be exposed to either severe drought 
pathway (Figure 3). For example, as Ψpd declines to <-2.0 MPa, Pn declines to nearly 
zero. Most Pacific Northwest coastal forest conifer species have complete stomatal 
closure between -1.5 and -2.5 MPa (Lassoie et al. 1985). Spruce species show a similar 
pattern with Pn decreasing to the compensation point between a Ψpd of –2.0 to –3.0 
MPa (Grossnickle 2000). Thus, carbon starvation could occur if these tree species are 
exposed to drought long enough to limit photosynthesis longer than plant usage of 
stored carbon reserves. Alternatively, as Ψpd declines to <-3.0 MPa, seedling death 
occurs in western redcedar (Figure 3). This is an expression of hydraulic failure 
because the drought intensity was sufficient to push them past their threshold for 
irreversible desiccation before carbon starvation occurs. Each species has a different 
level where drought stress becomes severe enough to cause death. For example, 
spruce seedlings start to die when shoot Ψ exceeds –4.0 MPa (McDonald and Running 
1979) and this indicates that they can withstand very low Ψ before water stress causes 
death. 
Daytime change in Ψ of trees is typically driven by VPD influencing 
transpiration, when soil water is not limiting (Ritchie and Hinckley 1975). This occurs 
because water loss from open stomata, in the form of water vapor, is controlled by 
the VPD gradient between water evaporating from internal stomata leaf surfaces and 
the outside air, and an increased resistance to water flow along the SPAC pathway to 
meet these evaporation demands. Thus, Ψ declines as VPD increases in spruce 
seedlings on restoration sites even when they have adequate soil water (Figure 4a). 
Stomata are sensitive to daily changes in VPD; typically having a high gwv when 
evaporative demand is low with a reduction in gwv as VPD increases, with this pattern 
occurring in both spruce species (Grossnickle 2000) and western red cedar 
(Grossnickle 1993; Grossnickle et al. 2005). Dramatic decrease in gwv to increasing VPD 
is due to lower shoot Ψ causing greater stomatal sensitivity (Pallardy 2008). For 
example, stomata of Engelmann spruce (Picea engelmannii Parry ex Engelm.) seedlings 
on a restoration site respond to the interaction between daytime changes in Ψ and 
VPD, thereby causing gwv to decline as Ψ decreases and VPD increases (Figure 4b). 
A decline in Pn as VPD increases is a typical pattern for conifer species 
(Kozlowski et al 1991). For example, western redcedar seedlings have a decrease in Pn 
as VPD increases (Figure 4c) even when they have sufficient soil water (i.e. Ψpd, was >-
0.85 MPa), with this same pattern found across spruce species (Grossnickle 2000). 
Increasing VPD is thought to cause either gwv to decline, as a guard against excessive 
plant water loss as Pn declines (Sharkey 1984), or Pn to decline, as a consequence of 
stomatal closure (Schulze et al. 1987). 
It needs to be recognized that restoration site ‘dryness’ is dictated by the 
combination of low available soil water and VPD (Larcher 1995) and is a major limiting 
factor in achieving successful seedling establishment in ecosystems with a defined dry 
summer season (Mucina et al. 2017). Typically, exposure of plants to just one of these 
hydrologic parameters is insufficient to cause site aridity, but the combination of dry 
soils and high VPD conditions create stressful restoration site conditions (Larcher 
1995). For example, Pn of western redcedar is suppressed across all restoration site 
VPD conditions when Ψpd, was <-0.75 MPa, with Pn decreasing to zero as VPD 
increased (Figure 4c). An increase in restoration site aridity causes a suppression in 
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growth, either through its effect on lowering Ψ or reduced Pn (Kozlowski et al. 1991; 
Grossnickle 2000). In addition, a rise in VPD can increase tree water use and 
potentially hasten mortality during severe drought (Will et al. 2013). Seedling 
exposure to high VPD and limited soil water availability are a main cause of reduce 
field performance. 
 
 
Figure 4. Response of seedlings on restoration sites to vapor pressure deficit (VPD) conditions. (a) White spruce (Picea 
glauca) water potential (Ψ) in response to VPD and on boreal reforestation site (Grossnickle and Blake 1986); (b) 
Engelmann spruce (Picea engelmannii) stomatal conductance (gwv) in response to both Ψ and absolute humidity deficit 
(ABSHD) (Y= 0.315 – 0.205x -0.0139y + 0.096x2 – 0.005y2-(0.002x X y); r2 0.72) on a high elevation Rocky Mountain 
restoration site (Grossnickle and Read 1985); (c) Western redcedar (Thjua plicata) net photosynthesis (Pn) response to 
VPD on Pacific Northwest restoration sites under either low water stress (predawn water potential Ψpd >-0.85 MPa) 
(Grossnickle et al 2005), or high water stress (Ψpd <-0.75 MPa) (Grossnickle 1993) conditions. 
A critical factor for successful stand establishment, thereby limiting effects of 
field site aridity is planting suitable species (Raftoyannis et al. 2006) and producing 
seedlings with desirable plant attributes (Pinto et al. 2011) that provide a capability to 
withstand drought stress and grow well after planting. There are morphological 
attributes that provide a measure of drought avoidance. Seedlings with smaller shoot 
systems perform better under harsh conditions (Grossnickle 2005b) because root 
systems can supply enough water to transpiring foliage to maintain a proper water 
balance (Grossnickle 2005a). Thus, shorter seedlings of both bareroot and container-
grown stocktypes can have an advantage on stressful sites (Mexal and Landis 1990; 
Stewart and Bernier 1995; Jurásek et al. 2009; Grossnickle 2012), though overall 
container-grown stocktypes are better suited to dry sites (Grossnickle and El-Kassaby 
2016). Stem diameter is a general measure of sturdiness, root system size, and 
protection against drought (Cleary et al. 1978; Mexal and Landis 1990); with numerous 
studies showing larger versus small stem diameter seedlings having better survival on 
dry sites (Grossnickle 2005a; Grossnickle 2012; Khanal et al. 2018). Seedlings with root 
systems that meet high morphological standards (i.e. increased root mass, fibrosity, 
volume, first-order laterals, area, and length) and physiological standards (i.e. greater 
root growth potential) have a capability to rapidly develop their root system after 
planting (Davis and Jacobs 2005; Haase 2011). This capacity to grow a sufficient root 
system helps overcome planting stress (Grossnickle 2005a) and survive (Grossnickle 
2012), thereby become established after planting (Figures 3 & 4). This is why there is a 
positive relationship between root system quality and growth in many reported 
studies (Grossnickle and MacDonald 2018). Shoot-to-root ratio has also been found to 
a c
b
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forecast growth on dry or normal sites because it defines their drought avoidance 
potential (Thompson 1985). Root systems in proper proportion to the shoot system 
has long been recognized as a desirable attribute (Toumey 1916) because their water 
status is directly tied to their shoot-to-root balance (Parker 1949); which can result in 
improved seedling survival (Grossnickle 2012) and growth (Grossnickle and MacDonald 
2018) under dry site conditions. 
Application of drought hardening (process of plant physiological adaptation) in 
the nursery to increase stress tolerance (Kozlowski and Pallardy 2002) is reported, in 
some cases, to improve seedling survival (Grossnickle 2012) and growth (Grossnickle 
and MacDonald 2018). Spruce species (Grossnickle 2000) and western redcedar (Major 
et al. 1994; Grossnickle and Russell 2010) develop drought tolerance when exposed to 
drought hardening. However, benefits of drought hardening are ephemeral because 
seedlings rapidly lose drought tolerance once shoot elongation begins (Teskey and 
Hinckley 1986; Abrams 1988). Improved drought tolerance to allow seedlings to 
overcome planting stress and become established has a very narrow phenological 
window, making it difficult for this attribute to consistently result in good field 
performance. 
Seedling quality can mitigate but not overcome severe field site drought 
conditions. Pinto et al. (2016) found that longer-rooted, larger stocktype provided no 
advantages in survival, growth, or carbon allocation compared with smaller stocktypes 
when seasonal drought occurred soon after planting and was severe enough to inhibit 
root growth to access soil water. Recently planted seedlings need to initiate growth 
and become ‘‘coupled’’ into the forest ecosystem (Grossnickle 2005a), thereby 
avoiding water stress. It is the lack of coupling (i.e. restricted rooting into the soil 
profile limiting soil water access) that increases the possibility of water stress which 
can result in death. Simpson and Ritchie (1997) believe that root growth is critical to 
seedling field performance under severe site environmental conditions. Thus, seedling 
survival is related to their inherent root growth potential (Grossnickle 2012) and the 
degree to which field site environmental conditions limits or enhances this potential to 
become established or coupled into the forest ecosystem (Margolis and Brand 1990; 
Grossnickle 2000). 
Competition for reforestation site resources is a major factor limiting 
successful seedling growth (Dobbs 1972; Gjerstad et al. 1984; Sutton 1985; Radosevich 
and Osteryoung 1987; Coates et al. 1994) because competition can remove soil water 
from the soil root zone via transpiration (Sutton and Tinus 1983; Newton and Comeau 
1990). There are numerous studies describing how an increase in plant cover resulted 
in a reduction in seedling seasonal Ψ (Eissenstat and Mitchell 1983; Grossnickle and 
Reid 1984a; Elliot and White 1987; Petersen et al. 1988; Pabst et al. 1990; Shainsky 
and Radosevich 1992; Perry et al. 1994), with this greater water stress causing a 
reduction in gwv (Grossnickle and Heikurinen 1989) and Pn (Pinto et al. 2018), and 
growth of recently planted seedlings (Nambiar and Zed 1980; Carter et al. 1984; Sands 
and Nambiar 1984; South and Barnett 1986; Margolis and Waring 1986; Grossnickle 
and Heikurinen 1989; Wood and von Althen 1993; Wagner et al. 1999; Dinger and 
Rose 2009; Gonzalez‑Benecke and Dinger 2018). Removal of competing vegetation 
and keeping it in check allows planted seedlings better access to site resources, 
thereby improving their field performance. 
Site preparation can modify soil properties to affect site water status (Prévost 
1992; Sutton 1993). For example, site preparation practices that raise planting spot 
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elevation to increase soil temperatures (Grossnickle 2000; Luoranen et al. 2018) can 
also dry out quickly when water table is low (Örlander et al. 1990; Luoranen et al. 
2018), causing water stress and reduced growth (Bassman 1989). Alternatively, site 
preparation treatments on arid sites (e.g. trenching and ripping to lower the planting 
spot) are considered one of the best options to improve seedling water status (Cortina 
et al. 2011) because it increases access to soil water (Querejeta et al. 2001), which 
reduces water stress and improves their gas exchange response (Fleming et al. 1996; 
Ruthrof et al. 2016), and subsequent field performance (Palacios et al. 2009). When 
applying site preparation treatments, one must consider whether low soil water 
availability is the primary field site limiting environmental factor to ensure proper 
treatment selection to enhance seedling growth. 
Plant facilitation has been proposed to benefit plant establishment on sites 
with increasing environmental severity (i.e. stress gradient hypothesis) (Bertness and 
Callaway 1994). Proposed benefits of facilitation within dryland ecosystems are 
primarily through shading causing a reduction in incident radiation and ameliorating 
microclimatic conditions (Callaway 2007; Holmgren et al. 2012). This effect can directly 
or indirectly enhance soil water status under plant cover compared to sites without 
competition, thereby by improving seedling water status (Nuñez et al 2009) and 
photosynthetic response (Yang et al. 2009). Model simulations for Pinus pinea L. under 
arid conditions found the best planting spot to be mid-shade locations because it 
provides enough shade to improve survival while allowing Pn to reach maximum values 
(Calama et al. 2015). Benefits of facilitation are mixed based on meta-analyses at the 
individual plant response level (Soliveres et al. 2014), with it considered to have the 
greatest benefit when seedling establishment occurs in communities dominated by 
shrubs and trees (Gόmez-Aparicio 2009) and on arid sites (Gόmez-Aparicio et al. 2004; 
Butterfield et al 2016). Alternatively, artificial shading on arid sites can reduce 
incoming solar radiation and increase soil water, thereby improving seedling 
performance (Benyas et al. 2005). Shading can be an option to alter energy and 
hydrologic cycles to ameliorate severe environmental conditions on arid sites. 
Under some conditions site preparation treatments to remove vegetative 
competition can improve water availability in the soil profile, while under other 
conditions leaving plant cover might create facilitation and ameliorate potentially 
stressful microsite conditions. One needs to consider site microclimatic conditions to 
determine what environmental variables are limiting seedling ecophysiological 
performance. Then one can define silvicultural treatments to enhance microclimate 
conditions, thereby improve growth of planted seedlings. 
4 Response to the nutrient cycle 
4.1 Seedling environment  
All nutrients have three major cycles; geochemical, biogeochemical, and 
internal cycling. Geochemical cycle involves atmospheric and soil weathering inputs or 
losses of nutrients through forest stand removal, leaching, or erosion. Biogeochemical 
cycle involves nutrient uptake by trees from the soil and their return to the soil via 
litterfall, tree death, or foliar leaching. Internal cycling is the movement of nutrients 
within plants. These three nutrient cycles affect where, and in what amounts, various 
nutrients accumulate within the forest ecosystem. Nutrients within the forest 
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ecosystem are located in four main nutrient pools: (i) aboveground tree layer, (ii) 
ground cover vegetation, (iii) forest floor and organic soil layers, and (iv) mineral soil. 
In most forest ecosystems, forest floor and organic soil layers and mineral soil are the 
main storage components of nutrient reserves (e.g. Pacific Northwest coastal forests 
Johnsen et al. 1982; boreal forests, Grossnickle 2000; Southeastern pine forests, Fox et 
al. 2007). If the restoration site soil system is retained then the nutrient budget comes 
primarily from forest floor organic matter, and is more rapidly cycled within the 
ecosystem through decomposition and mineralization. If the site has a readily 
available source of carbon, this in combination with an increased soil energy balance 
can stimulate site microbial populations to cause decomposition of organic matter and 
release nutrients into the available soil pool (Vitousek et al. 1979; Chapin 1983; Staaf 
and Olsson 1994). 
4.2 Seedling response  
Forest restoration sites initial abundance of available nutrients can be utilized 
by both established seedlings and competing vegetation (Grossnickle 2000; Fox et al. 
2007). For example, soil N availability is high after harvesting; which is why nutrient 
limitations are not considered a factor on most forest restoration sites just after site 
disturbance (Grossnickle 2000; Fox et al. 2007). Nutrient limitations become a factor 
as vegetative competition starts to reoccupy the site because weed species can have 
soil profile root densities 50-100 times those of planted seedlings (Nambiar 1990) and 
these rapidly growing competitive species respond to site available nutrients with an 
accelerated growth rate (Chapin 1983) which can negatively affect seedling growth 
(Pernot et al. 2019). 
Nutrient concentration of needle tissue has been related to many 
ecophysiological processes in tree species, with greater nutrient concentration 
attributed to improved gas exchange capability, drought resistance (i.e. avoidance and 
tolerance), freezing tolerance, and growth (van den Driessche 1991a; Pallardy 2008). 
Optimal nutrient reserves can have a positive effect on various seedling attributes 
before planting. For example, N concentration can alter the Pn rate and subsequent 
growth of spruce seedlings (Grossnickle 2000) and, in certain instances, improve 
conifer seedling drought resistance and freezing tolerance (Grossnickle and 
MacDonald 2018). Thus, seedling nutrient status is important because it is, in many 
cases, related to various plant attributes contributing to positive field performance 
(del Campo et al. 2010). 
Recently planted seedlings are more likely to have a lower nutrient status as 
they begin to grow during the establishment phase. This occurs because their nutrient 
status and subsequent growth are tied to internal mobilization of nutrients to sites of 
active growth and external uptake of nutrients from the soil. Recently planted 
seedlings are likely to have a low level of nutrient uptake from the soil until new root 
and mycorrhizal development can balance nutrient demand that occurs due to active 
growth. As a result, newly planted seedlings can have a lower nutrient status during 
the first growing season after field planting, indicating limited access to site nutrients 
(Munson and Bernier 1993; Kim et al. 1999; Villar-Salvador et al. 2015). Improved 
nutrient status can occur during the second field growing season, which indicates that 
planted seedlings are better able to acquire soil nutrient resources as root systems 
develop out into the surrounding soil (Munson and Bernier 1993; Kim et al. 1999). This 
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is confirmed in recent work showing that new root growth in recently planted 
seedlings improves their uptake of nutrients on a forest restoration site (Pernot et al. 
2019). 
Nutrient needs of recently planted seedlings can be addressed through field 
site fertilization. However, reviews have found variable field performance of conifer 
seedlings in response to field site fertilization (Sutton 1982; Brockley 1988; van den 
Driessche 1991b). Field site fertilization can cause rapid development of vegetative 
competition during early stages of stand establishment because early successional 
species extensive root development creates a competitive advantage over recently 
planted seedlings. This imbalance in root site occupancy can result in very little field 
site fertilization actually being utilized by planted seedlings (Staples et al. 1999). 
However, there are instances where site nutrient limitations are an issue and field site 
fertilization has benefited seedling establishment (e.g. Grossnickle 2000; Koňasová 
2012; Ruthrof et al. 2016). Due to the variability of success in past field fertilization 
programs to consistently enhance performance on restoration sites, this silvicultural 
practice is considered an expensive and an inefficient approach to supplying nutrients 
to seedlings under all but sites with defined nutrient limitations (Brockley 1988). 
The physiological phenomenon of a lower internal nutrient status, due to a 
dilution of existing internal nutrient pool as young seedlings begin to grow, is the 
reason why their nutrient status at planting can be important for their establishment. 
Increasing nutrient reserves through nursery fertilization is considered very efficient, 
compared with planting site nutrient acquisition (i.e. field fertilization) (Tinus 1974; 
Binkley 1986). Planting seedlings with optimum nutrient reserves had a positive 
relationship with shoot and root growth after outplanting in most reported studies 
(Grossnickle and MacDonald 2018). Positive growth responses to optimal nutrient 
reserves in newly planted seedlings have been attributed to increased remobilization 
of nutrients from old tissue to actively growing tissue to satisfy growth needs 
(McAlister and Timmer 1998; Xu and Timmer 1999; Imo and Timmer 2001; Salifu and 
Timmer 2003; Pokharel et al. 2017). Benefits of nutrient remobilization occur when 
seedlings are not fully coupled to the restoration site (Villar-Salvador et al. 2015), 
thereby providing a capability to grow roots, overcome planting stress (Grossnickle 
2005a) and become established. Seedlings with optimal nutrient reserves can quickly 
couple to the site, enabling them to withstand subsequent harsh summer 
environmental conditions (Timmer and Aidelbaum 1996; Luoranen and Rikala 2011). 
In certain instances, there is a lack of a positive response to optimal nutrient reserves 
which can be attributed to other limiting site factors (Grossnickle and MacDonald 
2018). One must also recognize improved growth that comes directly from optimal 
seedling nutrient reserves at planting only lasts for the first season (Rikala et al. 2004; 
Heiskanen et al. 2009; Luoranen and Rikala 2011). The effect of optimal nutrient 
reserves is a stimulation of rapid growth after planting, thereby creating a seedling 
size advantage on sites with competing vegetation (van den Driessche 1991b; Timmer 
1997; Malik and Timmer 1998). 
Site preparation treatments that reduce vegetative competition but leave 
organic layers on the forest site cause a gradual release of nutrients (Chapin 1983; 
Nilsson et al. 1996). Treatments that mix organic and mineral soil layers (e.g., berms or 
mounds) increase mineralization within the soil profile and can improve nutrient 
availability with the effective duration dependent upon climate and soil conditions 
(Örlander et al. 1990). In contrast, site preparation that removes much of the 
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biologically active, nutrient-rich organic layers can reduce site nutrients (Grossnickle 
2000). Availability of site nutrient reserves during the establishment phase can be 
altered by site preparation treatments, with the magnitude of growth response also 
tied to how these treatments influence other environmental parameters known to 
affect seedling performance. 
5 Conclusions 
The establishment phase is a period during stand development when 
seedlings have an opportunity to express their inherent growth potential. This 
expression of growth is related to their morphological and physiological attributes and 
their ecophysiological response to site environmental conditions. By understanding 
how seedlings respond to site conditions, practitioners can apply proper cultural 
practices to maximize their growth potential. It is this interaction between seedling 
ecophysiological capabilities and restoration site environmental conditions that 
ultimately determines their field performance. 
 
 
6 Tribute 
This article is dedicated to John H. Russell, who passed away on December 21, 
2018. John collaborated on the research related to western redcedar reported on in 
this paper. John was a colleague and friend. He will be missed. 
 
7 References 
Abrams MD (1988) Sources of variation in osmotic potentials with special reference to North American 
tree species. For Sci 34: 1030-1046. 
Adams SN, Dickson DA, Cornforth IS (1972) Some effects of soil water tables on the growth of Sitka 
spruce in Northern Ireland. For, 45: 129-133. https://doi.org/10.1093/forestry/45.2.130 
Ball MC (1994) The role of photoinhibition during tree seedling establishment at low temperatures. In  
Baker NR, Bowyer JR (eds) Photoinhibition of photosynthesis from molecular mechanisms to 
the field. BIOS Scientific Publishers, Oxford, England. pp 365-376. 
Ballard TM (1972) Subalpine soil temperature regimes in southwestern British Columbia. Arct Alp Res 4: 
139-146. https://doi.org/10.2307/1550397 
Bassman JH (1989) Influence of two site preparation treatments on ecophysiology of planted Picea 
engelmannii x glauca seedlings. Can J For Res 19: 1359-1370. https://doi.org/10.1139/x89-210 
Benayas JMR, Navarro J, Espigares T, Nicolau JM, Zavala MA (2005). Effects of artificial shading and weed 
mowing in reforestation of Mediterranean abandoned cropland with contrasting Quercus 
species. For Ecol Manage 212: 302-314. 
Benomar L, Lamhamedi MS, Pepin S, Rainville A, Lambert MC, Margolis HA, Bousquet J, Beaulieu J 
(2018). Thermal acclimation of photosynthesis and respiration of southern and northern white 
spruce seed sources tested along a regional climatic gradient indicates limited potential to cope 
with temperature warming. Ann Bot 121: 443-457. https://doi.org/10.1093/aob/mcx174 
Bernier PY (1992) Soil texture influences seedling water stress in more ways than one. Tree Planters’ 
Notes 43: 39-42. 
Bertness MD, Callaway R (1994) Positive interactions in communities. Ecol & Evolu 9: 191-193. 
https://doi.org/10.1016/0169-5347(94)90088-4 
Binkley D (1986) Forest nutrition management. Wiley, New York. 
Brand DG (1991) The establishment of boreal and sub-boreal conifer plantations: an integrated analysis 
of environmental conditions and seedling growth. For Sci 37: 68-100. 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   129 
 
Brockley RP (1988) The effects of fertilization on the early growth of planted seedlings: a problem 
analysis. FRDA Rep. 011. For Can and BC Min of For, Victoria, BC. 
Burdett AN (1990) Physiological processes in plantation establishment and the development of 
specifications for forest planting stock. Can J For Res 20: 415-427. https://doi.org/10.1139/x90-
059 
Butterfield BJ, Bradford JB, Armas C, Prieto I, Pugnaire FI (2016) Does the stress‐gradient hypothesis 
hold water? Disentangling spatial and temporal variation in plant effects on soil moisture in 
dryland systems. Funct Ecol 30: 10-19. https://doi.org/10.1111/1365-2435.12592 
Calama R, Puértolas J, Manso R, Pardos M (2015) Defining the optimal regeneration niche for Pinus 
pinea L. through physiology-based models for seedling survival and carbon assimilation. Trees 
29: 1761-1771. https://doi.org/10.1007/s00468-015-1257-5 
Callaway, R.M. (2007) Positive Interactions and Interdependence in Plant Communities. Springer, 
Dordrecht, The Netherlands. 
Carter GA, Miller JH, Davis DE, Patterson RM (1984) Effect of vegetative competition on the moisture 
and nutrient status of loblolly pine. Can J For Res 14:1-9. https://doi.org/10.1139/x84-001 
Chapin FS III (1983) Patterns of nutrient absorption and use by plants from natural and man-modified 
environments. In: Mooney HA, M. Godron M (eds) Disturbance and ecosystems, components of 
response. Springer Berlin pp. 175-187. https://doi.org/10.1007/978-3-642-69137-9_12 
Childs SW, Holbo HR, Miller EL (1985) Shadecard and shelterwood modification of the soil temperature 
environment. Soil Sci Soc Am J 49: 1018-1023. 
https://doi.org/10.2136/sssaj1985.03615995004900040046x 
Cleary BD, Greaves RD, Owsten PW (1978) Seedlings. In: Cleary BD, Greaves RD, Hermann RK (eds) 
Regenerating Oregon’s forests: a guide for the regeneration forester. Oregon State University 
Extension Service, Corvallis, pp 63-97. 
Coates KD, Burton PJ (1999) Growth of planted tree seedlings in response to ambient light levels in 
northwestern interior cedar-hemlock forests of British Columbia. Can J For Res 29: 1374-1382. 
https://doi.org/10.1139/x99-091 
Coates KD, Haeussler S, Lindeburgh S, Pojar R, Stock AJ (1994) Ecology and silviculture of interior spruce 
in British Columbia. FRDA Rep. 220. For Can and BC Min of For, Victoria, BC.  
Colombo SJ, Parker WC (1999) Does Canadian forestry need physiology research. For Chron 75: 667-674. 
https://doi.org/10.5558/tfc75667-4 
Colombo SJ, Timmer VR (1992) Limits of tolerance to high temperatures causing direct and indirect 
damage to black spruce. Tree Physiol 11: 95-104. https://doi.org/10.1093/treephys/11.1.95 
Comeau PG, Braumandl T, Xie C-Y (1993) Effects of overtopping vegetation on light availability and 
growth of Engelmann spruce (Picea engelmannii) seedlings. Can J For Res 23: 2044-2048. 
https://doi.org/10.1139/x93-255 
Cortina J, Amat B, Castillo V, Fuentes D, Maestre FT, Padilla FM, Rojo L (2011). The restoration of 
vegetation cover in the semi-arid Iberian southeast. J Arid Environ 75: 1377-1384. 
https://doi.org/10.1016/j.jaridenv.2011.08.003 
Dang QL, Lieffers VJ, Rothwell RL (1992) Effects of summer frosts and subsequent shade on foliage gas 
exchange in peatland and black spruce. Can J For Res 22: 973-979. https://doi.org/10.1139/x92-
130 
Davis SD, Jacobs DF (2005) Quantifying root system quality of nursery seedlings and relationship to 
outplanting performance. New For 30: 295-311. https://doi.org/10.1007/s11056-005-7480-y 
Day, R.J. 1963. Spruce seedling mortality caused by adverse summer microclimate in the Rocky 
Mountains. Dep. For. Publ. No. 1003. CDN Dept For, For Res Br. 
del Campo AD, Navarro RM, Ceacero CJ (2010) Seedling quality and field performance of commercial 
stocklots of containerized holm oak (Quercus ilex) in Mediterranean Spain: an approach for 
establishing a quality standard. New For 39: 19-37. https://doi.org/10.1007/s11056-009-9152-9 
DeLucia EH (1987) The effect of freezing nights on photosynthesis, stomatal conductance, and internal 
CO2 concentration in seedlings of Engelmann spruce (Picea engelmannii Parry). Plant Cell 
Environ 10: 333-338. https://doi.org/10.1111/j.1365-3040.1987.tb01614.x 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   130 
 
DeLucia EH, Smith WK (1987) Air and soil temperature limitations on photosynthesis in Engelmann 
spruce during summer. Can J For Res 17: 527-533. https://doi.org/10.1139/x87-088 
Devetaković J, Maksimović Z, Ivanović B, Baković Z, Ivetić V (2017) Stocktype effect on field performance 
of Austrian pine seedlings. Reforesta 4: 21-26. https://doi.org/10.21750/REFOR.4.03.42 
Dinger EJ. Rose R (2009) Integration of soil moisture, xylem water potential, and fall–spring herbicide 
treatments to achieve the maximum growth response in newly planted Douglas-fir seedlings. 
Can J For Res 39: 1401-1414. https://doi.org/10.1139/X09-050 
Dobbs RC (1972) Regeneration of white and Engelmann spruce: a literature review with special 
reference to the British Columbia interior. Can. For. Serv. Inf. Rep. BC-X-69.  
Dosskey MG, Ballard TM (1980) Resistance to water uptake by Douglas-fir seedlings in soils of different 
texture. Can J For Res 10: 530-534. https://doi.org/10.1139/x80-086 
Draper DA, Spittlehouse DL, Binder WD, Letchford T (1988) Field measurement of photosynthetically 
active radiation. In Proceedings, Combined Meeting of the Western Forest Nursery Association, 
USDA For Serv Gen Tech Rep RM-167 pp. 212-218. 
Dubé S, Plamondon AP, Rothwell RL (1995) Watering-up after clearcutting on forested wetlands of the 
St. Lawrence lowland. Water Resour Res 31: 1741-1750. https://doi.org/10.1029/95WR00427 
Dumais D, Prévost M (2008) Ecophysiology and growth of advance red spruce and balsam fir 
regeneration after partial cutting in yellow birch–conifer stands. Tree Physiol 28: 1221-1229. 
https://doi.org/10.1093/treephys/28.8.1221 
Dumais D, Prévost M (2014) Physiology and growth of advance Picea rubens and Abies balsamea 
regeneration following different light openings. Tree Physiol 34: 194-204. 
https://doi.org/10.1093/treephys/tpt114 
Dumais D, Larouche C, Raymond P, Bédard S, Lambert MC (2018) Survival and growth dynamics of red 
spruce seedlings planted under different forest cover densities and types. New For pp 1-20. 
https://doi.org/10.1007/s11056-018-9680-2  
Eis S (1967) Establishment and early development of white spruce in the interior of British Columbia. For 
Chron 43: 174-177. https://doi.org/10.5558/tfc43174-2 
Elfving CC, Kaufmann MR, Hall AE (1972) Interpreting leaf water potential measurements with a model 
of the SPAC. Physiol Plant 27: 161-168. https://doi.org/10.1111/j.1399-3054.1972.tb03594.x 
Elliot KJ, White AS (1987) Competitive effects of various grasses and forbs on ponderosa pine seedlings. 
For Sci 33: 356-366. 
Eissenstat DM, Mitchell JE (1983) Effects of seedling grass and clover on growth and water potential of 
Douglas-fir seedlings. For Sci 29: 166-179. 
Fan S, Grossnickle SC, Russell JH (2008) Morphological and physiological variation in western redcedar 
(Thuja plicata Donn. Ex D. Don) populations under contrasting soil water conditions. Trees 22: 
671-683. https://doi.org/10.1007/s00468-008-0225-8 
Federer CA, Tanner CB (1966) Spectral distribution of light in forests. Ecology 47: 555-560. 
https://doi.org/10.2307/1933932 
Fleming RL, Black TA, Adams RS (1996) Site preparation effects on Douglas-fir and lodgepole pine water 
relations following planting in a pinegrass-dominated clearcut. For Ecol Manage 83: 47-60. 
https://doi.org/10.1016/0378-1127(95)03701-2 
Folk RS, Grossnickle SC, Major JE, Arnott JT (1994) Influence of nursery culture on western red cedar. II. 
Freezing tolerance of fall-planted seedlings and morphological development of fall- and spring-
planted seedlings. New Forest 8: 231-247. https://doi.org/10.1007/BF00025370 
Fowler WB, Anderson TD (1987) Illustrating harvest effects on site microclimate in a high elevation 
forest stand. USDA For Serv Res Note PNW-466.  
Fox TR, Lee Allen H, Albaugh TJ, Rubilar R, Carlson CA (2007). Tree nutrition and forest fertilization of 
pine plantations in the southern United States. S J Appl For 31: 5-11. 
Geiger R (1980) The climate near the ground. Harvard university press. Cambridge, MA 
Gjerstad DH, Nelson LR, Dukes JH, Ratzlaff SA (1984) Growth response and physiology of tree species as 
affected by weed control. In: Duryea ML, Brown GN (eds) Seedling physiology and reforestation 
success. Martinus Nijhoff / Dr W Junk Publishers, Boston, pp 247-257. 
https://doi.org/10.1007/978-94-009-6137-1_11 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   131 
 
Glerum C, Paterson J (1989) Climatic influences on jack pine and black spruce during eight growing 
seasons since planting on a dry and a fresh site in northern Ontario. In MacIver DC, Street RB, 
Auclair AN (eds) Climate applications in forest renewal and forest production. CDN Govt Publ 
Cen, Sault Ste. Marie, ON. pp 93-96. 
Gómez‐Aparicio L (2009) The role of plant interactions in the restoration of degraded ecosystems: a 
meta‐analysis across life‐forms and ecosystems. J Ecol 97: 1202-1214. 
https://doi.org/10.1111/j.1365-2745.2009.01573.x 
Gómez-Aparicio L, Zamora R, Gómez JM, Hódar JA, Castro J, Baraza E (2004) Applying plant facilitation to 
forest restoration: a meta‐analysis of the use of shrubs as nurse plants. Ecol Appl 14:1128-1138. 
https://doi.org/10.1890/03-5084 
Gonzalez‑Benecke CA, Dinger EJ (2018) Use of water stress integral to evaluate relationships between 
soil moisture, plant water stress and stand productivity in young Douglas‑fir trees. New For 49: 
775-789. https://doi.org/10.1007/s11056-018-9657-1 
Groot A (1999) Effects of shelter and competition on the early growth of planted white spruce (Picea 
glauca). Can J For Res 29: 1002-1014. https://doi.org/10.1139/x99-064 
Groot A, Carlson DW (1996) Influence of shelter on night temperatures, frost damage, and bud break of 
white spruce seedlings. Can J For Res 26: 1531-1538. https://doi.org/10.1139/x26-172 
Groot A, Carlson DW, Fleming RL, Wood JE (1997) Small openings in trembling aspen forest: 
microclimate and regeneration of white spruce and trembling aspen. NRC, CFS, NODA/NFP Tech 
Rep TR-47 
Grossnickle SC (1987) Influence of flooding and soil temperature on the water relations and 
morphological development of cold-stored black and white spruce seedlings. Can J For Res 17: 
821-828. https://doi.org/10.1139/x87-130 
Grossnickle SC (1988) Planting stress of bare-root jack pine and white spruce seedlings. I. Factors 
influencing seedling water uptake. Tree Physiol 4: 71-84. 
https://doi.org/10.1093/treephys/4.1.71 
Grossnickle SC (1993) Shoot water relations and gas exchange of western hemlock and western red 
cedar seedlings during establishment on a reforestation site. Trees 7: 148-155. 
https://doi.org/10.1007/BF00199615 
Grossnickle SC (2000) Ecophysiology of northern spruce species: the performance of planted seedlings. 
NRC Research Press, Ottawa. 
Grossnickle SC (2005a) Importance of root growth in overcoming planting stress. New For 30:273–294. 
https://doi.org/10.1007/s11056-004-8303-2 
Grossnickle SC (2005b) Seedling size and reforestation success. How big is big enough? In: Colombo SJ 
(compiler) The thin green line: a symposium on the state-of-the-art in reforestation. Ontario 
Forest Research Institute, OMNR For Res Info Paper 160, pp 138-144. 
Grossnickle SC (2012) Why seedlings survive: importance of plant attributes. New Forest 43:711-738. 
https://doi.org/10.1007/s11056-012-9336-6 
Grossnickle SC, Blake TJ (1986) Environmental and physiological control of needle conductance for bare-
root black spruce, white spruce and jack pine seedlings on boreal cut-over sites. Can J Bot 74: 
943-949. https://doi.org/10.1139/b86-126 
Grossnickle SC, Blake TJ (1987) Water relations and morphological development of bare-root jack pine 
and white spruce seedlings: Seedling establishment on boreal cut-over site. For Ecol Manage 
18: 299-318. https://doi.org/10.1016/0378-1127(87)90133-2 
Grossnickle SC, Heikurinen J (1989) Site preparation: water relations and growth of outplanted jack pine 
and white spruce. New Forest 3: 99-123. https://doi.org/10.1007/BF00021576 
Grossnickle SC, El-Kassaby Y (2016) Bareroot versus container stocktypes: a performance comparison. 
New Forest 47:1-51. https://doi.org/10.1007/s11056-015-9476-6 
Grossnickle SC, Fan S (1998) Genetic variation in summer gas exchange patterns of interior spruce (Picea 
glauca (Moench) Voss × Picea engelmannii Parry ex Engelm.). Can J For Res 28: 831-840. 
https://doi.org/10.1139/x98-053 
Grossnickle SG, MacDonald JE (2018) Why seedlings grow: influence of plant attributes. New Forest 49: 
1–34. https://doi.org/10.1007/s11056-017-9606-4 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   132 
 
Grossnickle SC, Major JE (1994) Interior spruce seedlings compared to emblings produced from somatic 
embryogenesis. III. Physiological response and morphological development on a reforestation 
site. Can J For Res 24: 1397-1407. https://doi.org/10.1139/x94-180 
Grossnickle SC, Reid CPP (1984a) The influence of reclamation practices on the micro-climate of a high 
elevation mine site, and their effect on water relation patterns of Pinus contorta seedlings. 
Reclam Reveg Res 3: 31-48. 
Grossnickle SC, Reid CPP (1984b) Water relations of Engelmann spruce seedlings on a high-elevation 
mine site: an example of how reclamation techniques can alter microclimate and edaphic 
conditions. Reclam Reveg Res 3: 199-221. 
Grossnickle SC, Reid CPP (1985) Environmental and physiological control of stomatal response of Picea 
engelmannii seedlings on a high elevation mine site. Acta OEcol OEcol Plant 6: 111-123. 
Grossnickle SC, Russell JH (2010) Physiological variation among western redcedar (Thuja plicata Donn. Ex 
D. Don) populations in response to short-term drought. Ann For Sci 67: 506-516. 
https://doi.org/10.1051/forest/2010008 
Grossnickle SC, Fan S, Russell JH (2005) Variation in gas exchange and water use efficiency patterns 
among populations of western redcedar. Trees, 19: 32-42. https://doi.org/10.1007/s00468-004-
0360-9 
Gustafson FG (1943) Influence of light upon tree growth. J For 41: 212-213. 
Haase DL (2011) Seedling phenology and cold hardiness: moving targets. In: Riley LE, Haase DL, Pinto JR 
(tech coords) National proc: forest and conservation nursery associations—2010. USDA For Serv 
Gen Tech Rep RMRS-P-65, pp 121-127.  
Haase DL, Rose R, Trobaugh J (2006) Field performance of three stock sizes of Douglas-fir container 
seedlings grown with slow-release fertilizer in the nursery growing medium. New Forest 31: 1-
24. https://doi.org/10.1007/s11056-004-5396-6 
Hagner S (1962) Natural regeneration under shelterwood stands. Medd. Statens Skogsforskningsinst. 
(Swed.), 52. 
Hånell B (1992) Regeneration of Picea abies forests on highly productive peatlands—clearcutting or 
selective cutting? Scand J For Res 8: 518-527. https://doi.org/10.1080/02827589309382798 
Hansson LJ, Ring E, Franko MA, Gärdenäs AI (2018) Soil temperature and water content dynamics after 
disc trenching a subxeric Scots pine clearcut in central Sweden. Geoderma 327: 85-96. 
https://doi.org/10.1016/j.geoderma.2018.04.023 
Helgerson OT (1990) Heat damage in tree seedlings and its prevention. New Forest 3:333-358. 
https://doi.org/10.1007/BF00030044 
Heiskanen J, Lahti M, Luoranen J, Rikala R (2009) Nutrient loading has a transitory effect on the nitrogen 
status and growth of outplanted Norway spruce seedlings. Silva Fenn 43: 249-260. 
https://doi.org/10.14214/sf.210 
Hillel D (1971) Soil and water. Physical principles and processes. Academic Press, New York. 
Hinckley TM, Lassoie JP, Running SW (1978) Temporal and spatial variations in the water status of forest 
trees. For Sci Monogr No. 20.  
Hinckley TM, Teskey RO, Duhme F, Richter H (1981) Temperate hardwood forests. In: Kozlowski TT (ed) 
Water deficit and Plant Growth Vol VI, Woody Plant Communities. Academic Press, NY, pp 154-
208. https://doi.org/10.1016/B978-0-12-424156-5.50009-3 
Holmgren M, Gόmez-Aparicio L, Quero JL, Valladares F (2012) Non-linear effects of drought under 
shade: reconciling physiological and ecological models in plant communities. Oecol 169: 293-
305. https://doi.org/10.1007/s00442-011-2196-5 
Hornung M, Newson M (1986) Upland afforestation: influences on stream hydrology and chemistry. Soil 
Manage 2: 61-61. https://doi.org/10.1111/j.1475-2743.1986.tb00682.x 
Hsiao TC (1973) Plant response to water stress. Annu Rev Plant Physiol 24: 519-570. 
https://doi.org/10.1146/annurev.pp.24.060173.002511 
Hungerford RD (1979) Microenvironmental response to harvesting and residue management. In 
Environmental consequences of timber harvesting in Rocky Mountains coniferous forests. US 
Dep Agric For Serv Gen Tech Rep INT-90. 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   133 
 
Imo M, Timmer VR (2001) Growth and nitrogen retranslocation on nutrient loaded Picea mariana 
seedlings planted on boreal mixedwood sites. Can J For Res 31: 1357-1366. 
https://doi.org/10.1139/x01-063 
Jarvis PG, Jarvis MS (1963) The water relations of tree seedlings. I. Growth and water use in relation to 
soil water potential. Physiol Plant 16: 215-235. https://doi.org/10.1111/j.1399-
3054.1963.tb08304.x 
Jarvis PG, James GB, Landsberg JJ (1976) Coniferous forest. In Monteith JL (ed) Vegetation and the 
atmosphere. Vol. 2. Acad Press, London pp 171-240. 
Jobidon R, Roy V, Cyr G (2003). Net effect of competing vegetation on selected environmental 
conditions and performance of four spruce seedling stock sizes after eight years in Québec 
(Canada). Ann For Sci 60: 691-699. https://doi.org/10.1051/forest:2003063 
Johnson DW, Edmonds RL, Gessel SP, Cromack K, Richards BN, Grier CC, ... & Vogt KA (1982) Nutrient 
cycling in forests of the Pacific Northwest. 
Jurásek A, Leugner J, Martincová J (2009) Effect of initial height of seedlings on the growth of planting 
material of Norway spruce (Picea abies [L.] Karst.) in mountain conditions. J For Sci 55: 112-118. 
https://doi.org/10.17221/97/2008-JFS 
Kabzems R, Lousier JD (1992) Regeneration, growth and development of Picea glauca under Populus 
spp. canopy in the boreal white and black spruce zone. FRDA Rep, ISSN 0835-0752. 176 pp. 
Kaufmann MR (1975) Leaf water stress in Engelmann spruce: influence of the root and shoot 
environments. Plant Physiol 58: 841-844. https://doi.org/10.1104/pp.56.6.841 
Kaufmann MR (1982) Evaluation of season, temperature, and water stress effects on stomata using a 
leaf conductance model. Plant Physiol 69: 1023-1026. https://doi.org/10.1104/pp.69.5.1023 
Keenan RJ, Kimmins JP (1993) The ecological effects of clear-cutting. Environ Rev 1: 121-144. 
https://doi.org/10.1139/a93-010 
Khanal PN, Dean TJ, Roberts SD, Grebner DL, Straka TJ (2018) Explaining first-year seedling survival from 
quality distributions of bare-root seedlings and microsites in industrial plantations. Open J For 
8: 362-379. https://doi.org/10.4236/ojf.2018.83023 
Kim YT, Colombo SJ, Hickie DF, Noland TD (1999) Amino acid, carbohydrate, glutathione, mineral 
nutrient and water potential changes in non-water-stressed Picea mariana seedlings after 
transplanting. Scand J For Res 14: 416-424. https://doi.org/10.1080/02827589950154122 
Kohnke H (1968) Soil physics. McGraw–Hill Book Co., New York. 
Kolb PF, Robberecht R (1996). High temperature and drought stress effects on survival of Pinus 
ponderosa seedlings. Tree Physiol 16: 665-672. https://doi.org/10.1093/treephys/16.8.665 
Koňasová T, Kuneš I, Baláš M, Millerová K, Balcar V, Špulák O, Drury M (2012) Influence of limestone and 
amphibolite application on growth of Norway spruce plantation under harsh mountain 
conditions. J For Sci 58: 492-502. https://doi.org/10.17221/112/2011-JFS 
Koppenaal RS, Colombo SJ, Blumwald E (1990) Acquired thermotolerance of jack pine, white spruce and 
black spruce seedlings. Tree Physiol 8: 83-91. https://doi.org/10.1093/treephys/8.1.83 
Kozlowski TT (1982a) Water supply and tree growth. Part II. Flooding. For Abstr 43: 145-158. 
Kozlowski TT (1982b) Water supply and tree growth. Part I. Water deficits. For Abstr 43: 57-95. 
Kozlowski TT, Pallardy SG (2002) Acclimation and adaptive response of woody plants to environmental 
stress. Bot Rev 68: 270-334. https://doi.org/10.1663/0006-
8101(2002)068[0270:AAAROW]2.0.CO;2 
Kozlowski TT, Kramer PJ, Pallardy SG (1991) The physiological ecology of woody plants. Academic Press, 
New York. 
Krasowski MJ, Letchford T, Eastham AM (1993) Growth of short-day treated spruce seedlings planted 
throughout British Columbia. For Can and BC Min of For, Victoria, BC, FRDA Rep. 209. 
Kubin E, Kemppainen L (1994) Effect of soil preparation of boreal spruce forest on air and soil 
temperature conditions in forest regeneration areas. Acta For Fenn 244: 1-56. 
https://doi.org/10.14214/aff.7506  
Larcher W (1995) Physiological plant ecology: Ecophysiology and stress physiology of functional groups. 
3rd Edition, Springer, Berlin. https://doi.org/10.1007/978-3-642-87851-0 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   134 
 
Lassoie JP, Hinckley TM, Grier CC (1985) Coniferous forests of the Pacific Northwest. In: Chabot BF, 
Mooney HA (eds) Physiological ecology of North American plant communities. Chapman and 
Hall, NY, pp 127-161. https://doi.org/10.1007/978-94-009-4830-3_6 
Leverenz JW, Jarvis PG (1979) Photosynthesis in Sitka spruce. VIII. The effects of light flux density and 
direction on the rate of net photosynthesis and the stomatal conductance of needles. J Appl 
Ecol 16: 919-932. https://doi.org/10.2307/2402865 
Levitt J (1980) Response of plants to environmental stress. Vol. I. Chilling, freezing and high temperature 
stress. Academic Press, NY. 
Levy PE, McKay HM (2003) Assessing tree seedling vitality tests using sensitivity analysis of a process 
based growth model. For Ecol Manag 183: 77-93. https://doi.org/10.1016/S0378-
1127(03)00095-1 
Lieffers VJ, Rothwell RL (1986) Effects of depth of water table and substrate temperature on root and 
top growth of Picea mariana and Larix laricina seedlings. Can J For Res 16: 1201-1206. 
https://doi.org/10.1139/x86-214 
Lu D, Wang GG, Zhang J, Fang Y, Zhu C, Zhu J (2018). Converting larch plantations to mixed stands: 
Effects of canopy treatment on the survival and growth of planted seedlings with contrasting 
shade tolerance. For Ecol Manage 409: 19-28. 
Luoranen J, Rikala R (2011) Nutrient loading of Norway spruce seedlings hastens bud burst and 
enhances root growth after outplanting. Silva Fenn 45: 319-32. https://doi.org/10.14214/sf.105 
Luoranen J, Saksa T, Lappi J (2018) Seedling, planting site and weather factors affecting the success of 
autumn plantings in Norway spruce and Scots pine seedlings For Ecol Manage 419-420: 79-90. 
Major JE, Grossnickle SC, Folk RS, Arnott JT (1994) Influence of nursery culture on western red cedar. I. 
Measurement of seedling attributes before fall and spring planting. New Forest 8: 211-229. 
https://doi.org/10.1007/BF00025369 
Malik V, Timmer VR (1998) Biomass partitioning and nitrogen retranslocation in black spruce seedlings 
on competitive mixedwood sites: a bioassay study. Can J For Res 28: 206-215. 
https://doi.org/10.1139/x97-207 
Man R, Lieffers VJ (1997) Seasonal variations of photosynthetic capacities of white spruce (Picea glauca) 
and jack pine (Pinus banksiana) saplings. Can J Bot 75: 1766-1771. https://doi.org/10.1139/b97-
890 
Man R, Lieffers VJ (1999) Effects of shelterwood and site preparation on microclimate and establishment 
of white spruce seedlings in a boreal mixedwood. For Chron 75: 837-844. 
https://doi.org/10.5558/tfc75837-5 
Manrique‐Alba À, Sevanto S, Adams HD, Collins AD, Dickman LT, Chirino E, McDowell NG (2018) Stem 
radial growth and water storage responses to heat and drought vary between conifers with 
differing hydraulic strategies. Plant Cell Environ. https://doi.org/10.1111/pce.13340 
Margolis HA, Brand DG (1990) An ecophysiological basis for understanding plantation establishment. 
Can J For Res 20: 375-390. https://doi.org/10.1139/x90-056 
Margolis HA, Waring RH (1986) Carbon and nitrogen allocation patterns of Douglas-fir seedlings 
fertilized with nitrogen in autumn. II. Field performance. Can J For Res 16: 903-909. 
https://doi.org/10.1139/x86-161 
Marsden BJ, Lieffers VJ, Zwiazek JJ (1996) The effect of humidity on photosynthesis and water relations 
of white spruce seedlings during the early establishment phase. Can J For Res 26:1015-1021.  
https://doi.org/10.1139/x26-112 
Mason EG, South DB, Weizhong Z (1996) Performance of Pinus radiata in relation to seedling grade, 
weed control, and soil cultivation in the central North Island of New Zealand. N Z J For Sci 
26:173-183. 
McAlister SA, Timmer VR (1998) Nutrient enrichment of white spruce seedlings during nursery culture 
and initial plantation establishment. Tree Physiol 18: 195-202. 
https://doi.org/10.1093/treephys/18.3.195 
McDonald SE, Running SW (1979) Monitoring irrigation in western forest tree nurseries. USDA For Serv 
Gen Tech Rep RM-61.  
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   135 
 
McDowell N, Pockman WT, Allen CD, Bershears DD, Cobb N, Kolb T, Plaut J, Sperry J, West A, Williams 
DG, Yepez EA (2008) Mechanisms of plant survival and mortality during drought: why do some 
plants survive while others succumb to drought? New Phytol 178: 719-739. 
https://doi.org/10.1111/j.1469-8137.2008.02436.x 
Messier C, Parent S, Bergeron Y (1998) Characterization of understory light environment in closed mixed 
boreal forests: effects of overstory and understory vegetation. J Veg Sci 9: 511-520. 
https://doi.org/10.2307/3237266 
Mexal JG, Landis TD (1990) Target seedling concepts: height and diameter. In: Rose R, Campbell SJ, 
Landis TD (eds) Target seedling symposium: proceedings: combined meeting of the Western 
forest nursery associations. USDA For Serv Gen Tech Rep RM-GTR-200 pp 17-36. 
Miller PC (1983) Comparison of water balance characteristics of plant species in “natural” versus 
modified ecosystems. In: Mooney HA, Godron M (eds) Disturbance and ecosystems. 
Components of response. Springer, Berlin pp 188-212. https://doi.org/10.1007/978-3-642-
69137-9_13 
Mitton JB (1995) Genetics and the physiological ecology of conifers. In: Smith WK, Hinckley TM (eds) 
Ecophysiology of Conifer Forests. pp 1-36. https://doi.org/10.1016/B978-0-08-092593-6.50006-
2 
Morrissey RC, Jacobs DF, Davis AS, Rathfon RA (2010) Survival and competitiveness of Quercus rubra 
regeneration associated with planting stocktype and harvest opening intensity. New Forest 40: 
273-287. https://doi.org/10.1007/s11056-010-9199-7 
Montague T, Kjelgren R, Rupp L (2000). Surface energy balance affects gas exchange and growth of two 
irrigated landscape tree species in an arid climate. Journal of the Am Soc Hort Sci 125: 299-309. 
Mucina L, Bustamante-Sánchez MA, Duguy B, Holmes P, Keeler-Wolf T, Armesto JJ, Dobrowolski M, 
Gaertner M, Smith-Ramírez C, Vilagrosa A (2017) Ecological restoration in Mediterranean-type 
shrublands and woodlands. In: Allison S, Murphy S (eds), Routledge Handbook of Ecological and 
Environmental Restoration. Taylor & Francis, Abingdon, UK, pp 173-196. 
https://doi.org/10.4324/9781315685977-13 
Munson AD, Bernier PY (1993) Comparing natural and planted black spruce seedlings. II. Nutrient uptake 
and efficiency of use. Can J For Res 23: 2435-2442. https://doi.org/10.1139/x93-301 
Nambiar EKS (1990) Interplay between nutrients, water, root growth and productivity in young 
plantations. For Ecol Manage 30: 213-232. https://doi.org/10.1016/0378-1127(90)90138-2 
Nambiar EKS, Zed PG (1980) Influence of weeds on the water potential, nutrient content and growth of 
young radiata pine. Aust For Res 10: 279-288. 
Newton M, Comeau PG (1990) Control of competing vegetation. In Regenerating British Columbia’s 
forests. In: Lavender DP, Parish R, Johnson CM, Montgomery G, Vyse A, Willis RA, Winston D 
(eds) University of British Columbia Press, Vancouver, BC. pp. 257–265. 
Nilsson U, Gemmel P, Hällgren JE (1996) Competing vegetation effects on initial growth of planted Picea 
abies. NZ J For Sci 26: 84-98. 
Nobel DL, Alexander RR (1977) Environmental factors affecting natural regeneration of Engelmann 
spruce in the central Rocky Mountains. For Sci 23: 420-429. 
Nuñez CI, Raffaele CE, Nuñez Martín A, Florencia C (2009) When do nurse plants stop nursing? Temporal 
changes in water stress levels in Austrocedrus chilensis growing within and outside shrubs. J Veg 
Sci 20: 1064-1071. https://doi.org/10.1111/j.1654-1103.2009.01107.x 
Örlander G, Gemmel P, Hunt J (1990) Site preparation: an overview. FRDA Rep. 105. For Canada and BC 
Min of For, Victoria, BC . 
Pabst RJ, Tappeiner JC, Newton M (1990) Varying densities of Pacific madrone in a young stand in 
Oregon alter soil water potential, plant moisture stress, and growth of Douglas-fir. For Ecol 
Manage 37: 267-283. https://doi.org/10.1016/0378-1127(90)90096-T 
Palacios G, Cerrillo RMN, del Campo A, Toral M (2009). Site preparation, stock quality and planting date 
effect on early establishment of Holm oak (Quercus ilex L.) seedlings. Ecol Engin 35: 38-46. 
https://doi.org/10.1016/j.ecoleng.2008.09.006 
Pallardy SG (2008) Physiology of Woody Plants, 3rd edition. Academic Press, New York. 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   136 
 
Parker J (1949) Effects of variation in the root-leaf ratio on transpiration rate. Plant Physiol 24: 739-743. 
https://doi.org/10.1104/pp.24.4.739 
Pernot C, Thiffault N, DesRochers A (2019) Root system origin and structure influence planting shock of 
black spruce seedlings in boreal microsites. For Ecol Manage 433: 594-605. 
https://doi.org/10.1016/j.foreco.2018.11.043 
Perry MA, Mitchell RJ, Zutter BR, Glover GR, Gjerstad DH (1994) Seasonal variation in competitive effect 
on water stress and pine responses. Can J For Res 24: 1440-1449. https://doi.org/10.1139/x94-
186 
Petersen TD, Newton M, Zedaker SM (1988) Influence of Ceanothus velutinus and associated forbs on 
the water stress and stemwood production of Douglas-fir. For Sci 34: 333-343. 
Pinto JR, Davis AS, Leary JJK, Aghai MM (2015) Stocktype and grass suppression accelerate the 
restoration trajectory of Acacia koa in Hawaiian montane ecosystems. New Forest 46: 855-867. 
https://doi.org/10.1007/s11056-015-9492-6 
Pinto JR, McNassar BA, Kildisheva OA, Davis AS (2018) Stocktype and vegetative competition influences 
on Pseudotsuga menziesii and Larix occidentalis seedling establishment. Forests 9:228. 
https://doi.org/10.3390/f9050228   
Pinto JR, Marshall JD, Dumroese RK, Davis AS, Cobos DR (2011). Establishment and growth of container 
seedlings for reforestation: A function of stocktype and edaphic conditions. For Ecol Manage 
261: 1876-1884. 
Pinto JR, Marshall JD, Dumroese RK, Davis AS, Cobos DR (2016). Seedling establishment and 
physiological responses to temporal and spatial soil moisture changes. New Forest 47: 223-241. 
https://doi.org/10.1007/s11056-015-9511-7 
Pokharel P, Choi WJ, Jamro GM, Chang SX (2017) Weed control increases nitrogen retranslocation and 
growth of white spruce seedlings on a reclaimed oil sands soil. New Forest 48(5): 699–717. 
https://doi.org/10.1007/s11056-017-9593-5 
Prevost M (1992) Effects of scarification on soil properties, seedling growth and competition: review of 
current knowledge and research perspectives in Quebec. (French). Ann For Sci 49: 277-296. 
Querejeta JI, Roldán A, Albaladejo J, Castillo V (2001) Soil water availability improved by site preparation 
in a Pinus halepensis afforestation under semiarid climate. For Ecol Manage 149: 115-128. 
https://doi.org/10.1016/S0378-1127(00)00549-1 
Radosevich SR, Osteryoung K (1987) Principles governing plant–environment interactions. In Walstad JD, 
Kuch PJ (eds) Forest vegetation management for conifer production. John Wiley & Sons, New 
York. pp 105-156. 
Raftoyannis Y, Radoglou K, Halivopoulos G (2006) Ecophysiology and survival of Acer pseudoplatanus L., 
Castanea sativa Miller. and Quercus frainetto Ten. seedlings on a reforestation site in northern 
Greece. New Forest 31: 151-163. https://doi.org/10.1007/s11056-004-7365-5 
Reifsnyder WE, Furnival GM, Horowitz JL (1971) Spatial and temporal distribution of solar radiation 
beneath forest canopies. Agric Meteorol 9: 21-37. https://doi.org/10.1016/0002-
1571(71)90004-5 
Reynolds PE, Simpson JA, Lautenschlager RA, Bell FW, Gordon AM, Buckley DA, Gresch DA (1997) 
Alternative conifer release treatments affect below- and near-ground microclimate. For Chron 
73: 75-82. https://doi.org/10.5558/tfc73075-1 
Rikala R, Heiskanen J, Lahti M (2004) Autumn fertilization in the nursery affects growth of Picea abies 
container seedlings after transplanting. Scand J Forest Res 19: 409-414. 
https://doi.org/10.1080/02827580410030190 
Ritchie GA, Hinckley TM (1975) The pressure chamber as an instrument for ecological research. Adv Ecol 
Res 9: 165-254. https://doi.org/10.1016/S0065-2504(08)60290-1 
Rodney E, Stuart W, Wilson M, Zou CB, Hennessey TC (2013) Increased vapor pressure deficit due to 
higher temperature leads to greater transpiration and faster mortality during drought for tree 
seedlings common to the forest–grassland ecotone. New Phytol 200: 366-374. 
https://doi.org/10.1111/nph.12321 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   137 
 
Rose R, Ketchum JS (2003) Interaction of initial seedling diameter, fertilization and weed control on 
Douglas-fir growth over the first four years after planting. Ann For Sci 60: 625-635. 
https://doi.org/10.1051/forest:2003055 
Rutenbeck NE, Frey BR, Covey KR, Berlyn GP, Schmitz OJ, Larson BC, Ashton MS (2018) Influence of gap 
position and competition control on the leaf physiology of planted Picea glauca and natural 
regeneration of Populus tremuloides. For Ecol Manage 424: 228-235. 
https://doi.org/10.1016/j.foreco.2018.05.010 
Ruthrof KX, Bader MKF, Matusick G, Jakob S, Hardy GESJ (2016) Promoting seedling physiological 
performance and early establishment in degraded Mediterranean-type ecosystems. New Forest 
47: 357-376. https://doi.org/10.1007/s11056-015-9520-6 
Sakai A, Larcher W (1987) Frost survival of plants. Ecological studies Vol. 62. Springer, Berlin. 
https://doi.org/10.1007/978-3-642-71745-1 
Salifu KF, Timmer VR (2003) Optimizing nitrogen loading of Picea mariana seedlings during nursery 
culture. Can J For Res 33: 1287-1294. https://doi.org/10.1139/x03-057 
Sands R, Nambiar EKS (1984) Water relations of Pinus radiata in competition with weeds. Can J For Res 
14: 233-237. https://doi.org/10.1139/x84-045 
Schaible R, Dickson DA (1990) Effects of drainage intensity and planting position on the growth and 
nutrition of second rotation Sitka spruce on shallow peat. Ir For 47: 19-27. 
Schulze E-D, Turner NC, Gollan T, Schackel KA (1987) Stomatal responses to air humidity and to soil 
drought. In Zeiger E, Farquhar GD, Cowan IR (eds) Stomatal function. Stanford University Press, 
Stanford, CA. pp. 311-321. 
Seidel KW (1986) Tolerance of seedlings of ponderosa pine, Douglas-fir, ground-fir, and Engelmann 
spruce for high temperatures. NW Sci 60: 1-7. 
Shainsky LJ, Radosevich SR (1992) Mechanisms of competition between Douglas-fir and red alder 
seedlings. Ecol 73: 30-45. https://doi.org/10.2307/1938718 
Sharkey TD (1984) Transpiration-induced changes in the photosynthetic capacity of leaves. Planta 160: 
143-150. https://doi.org/10.1007/BF00392862 
Simpson DG, Ritchie GA (1997) Does RGP predict field performance? A debate. New Forest 13:253-277. 
https://doi.org/10.1023/A:1006542526433 
Smith WK, Young DR, Carter GA, Hadley JL, McNaughton GM (1984) Autumn stomatal closure in six 
conifer species of the Central Rocky Mountains. Oecol 63: 237-242. 
https://doi.org/10.1007/BF00379883 
Söderstöm V (1981) Site preparation. In Forest regeneration at high latitudes: experience from northern 
Sweden. USDA For Serv Gen Tech Rep PNW-132. pp 17-20.  
Spies T (1997) Forest stand structure, composition, and function. In Kohm KA, Franklin J (eds) Creating a 
forestry for the twenty-first century: the science of ecosystem management. Island Press, 
Covelo, CA. pp 11-30. 
Spittlehouse DL, Childs SW (1990) Evaluating the seedling moisture environment after site preparation. 
In Proceedings, 7th American Forest Soils Conference: Sustained Productivity of Forest Land. 
Faculty of Forestry Publications, University of British Columbia, Vancouver, BC. pp 80-94. 
Spittlehouse DL, Stathers RJ (1990) Seedling microclimate. FRDA Rep. 65. For Can and BC Min For, 
Victoria, BC. 
Soliveres S, Maestre FT, Bowker MA, Torices R, Quero JL, Garciá-Gόmez M (2014) Functional traits 
determine plant co-occurrence more than environment or evolutionary relatedness in global 
drylands. Persp Plant Ecol, Evol Syst 16: 164-173. https://doi.org/10.1016/j.ppees.2014.05.001 
South DB, Barnett JP (1986) Herbicides and planting affect early performance of container-grown and 
bareroot loblolly pine seedlings in Alabama. New Forest 1: 17-27. 
https://doi.org/10.1007/BF00028118 
South DB, Harris SW, Barnett JP, Hainds MJ, Gjerstad DH (2005) Effect of container type and seedling 
size on survival and early height growth of Pinus palustris seedlings in Alabama, U.S.A. For Ecol 
Manage 204: 385-398. https://doi.org/10.1016/j.foreco.2004.09.016 
Spomer GG (1973) The concepts of “interaction” and “operational environment” in environmental 
analyses. Ecol 54: 200-204. https://doi.org/10.2307/1934391 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   138 
 
Staaf H, Olsson BA (1994) Effects of slash removal and stump harvesting on soil water chemistry in a 
clearcutting in SW Sweden. Scan J For Res 9: 305-310. 
https://doi.org/10.1080/02827589409382844 
Staples TE, Van Rees KCJ, van Kessel C (1999) Nitrogen competition using 15N between early 
successional plants and planted white spruce seedlings. Can J For Res 29: 1282-1289. 
https://doi.org/10.1139/x99-072 
Stathers RJ (1989) Summer frost in young forest plantations. FRDA Rep. 073. For Can and BC Min of For, 
Victoria, BC. 
Stathers RJ, Spittlehouse DL, Lousier JD (1990) Seedling microclimate and reforestation. FRDA Memo 
152. For Can and BC Min of For, Victoria, BC. 
Steen OA, Stathers RJ, Coupé RA (1990) Identification and management of summer frost-prone sites in 
the Cariboo Forest Region. FRDA Rep. 157. For Can and BC Min of For, Victoria, BC. 
Stewart JD, Bernier PY (1995) Gas exchange and water relations of 3 sizes of containerized Picea 
mariana seedlings subjected to atmospheric and edaphic water stress under controlled 
conditions. Ann For Sci 52: 1-9.  https://doi.org/10.1051/forest:19950101 
Sutton RF (1982) Plantation establishment in the boreal forest: planting season extension Can For Serv, 
Great Lakes For Center, Sault Ste. Marie, ON.  
Sutton RF (1985) Vegetation management in Canadian forestry. Inf. Rep. 0-X-369. Environ Can, Can For, 
Great Lakes Forestry Center, Serv, Sault Ste. Marie, ON. 
Sutton RF, (1993) Mounding site preparation: a review of European and North American experience. 
New Forest 7: 151-192. https://doi.org/10.1007/BF00034198 
Sutton RF, Tinus RW (1983) Root and root system terminology. For Sci Monogr 24. 
Swanson ME, Franklin JF, Beschta RL, Crisafulli CM, DellaSala DA, Hutto RL, Swanson FJ (2011). The 
forgotten stage of forest succession: early‐successional ecosystems on forest sites. Front Ecol 
Environ 9: 117-125. https://doi.org/10.1890/090157 
Tanner D, Delong SC, Eastham A (1996) Investigation of planting white spruce under a trembling aspen 
canopy. In Silviculture of temperate and boreal broadleaf-conifer mixtures. BC Min of For 
Victoria, BC. pp 114-121. 
Teskey RO, Hinckley TM (1986) Moisture: effects of water stress on trees. In: Hennessey TC, Dougherty 
PM, Kossuth SV, Johnson JD (eds) Proceedings of the physiology working group technical 
session. SAF National Convention: Stress Physiology and Forest Productivity. Martinus Nijhoff 
Publishers, Dordrecht, The Netherlands, pp 9-33. https://doi.org/10.1007/978-94-009-4424-
4_2 
Thiffault N, Jobidon R, Munson AD (2014) Comparing large containerized and bareroot conifer stock on 
sites of contrasting vegetation composition in a non-herbicide scenario. New For 45:875–891 
https://doi.org/10.1007/s11056-014-9443-7 
Thompson BE (1985) Seedling morphological evaluation: what you can tell by looking. In: Duryea ML 
(ed) Evaluating seedling quality: principles, procedures, and predictive ability of major tests. 
Oregon State University, Forest Research Laboratory, Corvallis, pp 59-72. 
Timmer VR (1997) Exponential nutrient loading: a new fertilization technique to improve seedling 
performance on competitive sites. New Forest 13:279-299. 
https://doi.org/10.1023/A:1006502830067 
Timmer VR, Aidelbaum AS (1996) Manual for exponential nutrient loading of seedlings to improve 
outplanting performance on competitive forest sites. NRCan, CFS-GLFC, NODA/NFP Technical 
Report TR-25. 
Tinus RW (1974) Characteristics of seedlings with high survival potential. In: Tinus RW, Stein WI, Balmer 
WE (eds) Proceeding: North American containerized forest tree seedling symposium. Great 
Plains Agricultural Council, Publ No 68, pp 276-282.  
Toumey JW (1916) Seeding and planting. Wiley, New York 
Tranquillini W (1979) Physiological ecology of the alpine timberline. Springer- Verlag, New York. 
https://doi.org/10.1007/978-3-642-67107-4 
REFORESTA (2018) 6: 110-139  Grossnickle 
Reforesta Scientific Society   139 
 
Tsakaldimi M, Zagas T, Tsitsoni T, Ganatsas P (2005) Root morphology, stem growth and field 
performance of seedlings of two Mediterranean evergreen oak species raised in different 
container types. Plant Soil 278: 85-93. https://doi.org/10.1007/s11104-005-2580-1 
van den Driessche R (1991a) Influence of container nursery regimes on drought resistance of seedlings 
following planting: survival and growth. Can J For Res 21: 555-565. 
https://doi.org/10.1139/x91-077 
van den Driessche R (1991b) Effects of nutrients on stock performance in the forest. In: van den 
Driessche R (ed) Mineral nutrition of conifer seedlings. CRC Press, Boca Raton, pp 229-260. 
Viereck LA, Van Cleve K, Adams PC, Schlentner RE (1993) Climate of the Tanana River floodplain near 
Fairbanks, Alaska. Can J For Res 23: 899-913. https://doi.org/10.1139/x93-118 
Villar-Salvador P, Uscola M, Jacobs DF (2015) The role of stored carbohydrates and nitrogen in the 
growth and stress tolerance of planted forest trees. New Forest 46:813-839. 
https://doi.org/10.1007/s11056-015-9499-z 
Vitousek PM, Gosz JR, Grier CC, Melillo JM, Reiners WA, Todd RL (1979) Nitrate losses from disturbed 
ecosystems. Sci, 204: 469-474. https://doi.org/10.1126/science.204.4392.469 
von der Gönna MA (1989) First year performance and root egress of white spruce (Picea glauca 
[Moench] Voss) and lodgepole pine (Pinus contorta Dougl.) seedlings in mechanically prepared 
and untreated planting spots in north central British Columbia. Thesis for Master of Forestry, 
University of British Columbia, Vancouver, BC. 
Wagner RG, Mohammed GH, Noland TL (1999) Critical period of intraspecific competition for northern 
conifers associated with herbaceous vegetation. Can J For Res 29: 890-897. 
https://doi.org/10.1139/x99-055 
Weger HG, Guy RD (1991) Cytochrome and alternative pathway respiration in white spruce (Picea 
glauca) roots. Effects of growth and measurement temperature. Physiol Plant 83: 675-681. 
https://doi.org/10.1111/j.1399-3054.1991.tb02486.x 
Welander NT, Gemmel P, Hellgren O, Ottosson B (1994) The consequences of freezing temperatures 
followed by high irradiance on in vivo chlorophyll fluorescence and growth in Picea abies. 
Physiol Plant 91: 121-127. ttps://doi.org/10.1111/j.1399-3054.1994.tb00667.x 
Wells ED, Warren WG (1997) Height growth, needle mass and needle nutrient concentrations of N, P, K, 
Ca, Mg and Cu in a 6-year-old black spruce peatland plantation in Newfoundland, Canada. 
Scand J For Res 12: 138-138. https://doi.org/10.1080/02827589709355395 
Will RE, Wilson SM, Zou CB, Hennessey TC (2013) Increased vapor pressure deficit due to higher 
temperature leads to greater transpiration and faster mortality during drought for tree 
seedlings common to the forest–grassland ecotone. New Phytol 200: 366-374. 
https://doi.org/10.1111/nph.12321 
Williams CE, Lipscomb DJ 1977 Water table rise after cutting on coastal plain soils. South J Appl For 5: 
46-48. 
Wood JE, von Althen FW (1993) Establishment of white spruce and black spruce in Boreal Ontario: 
effects of chemical site preparation and postplanting weed control. For Chron 69:554–560. 
https://doi.org/10.5558/tfc69554-5 
Xu X, Timmer VR (1999) Growth and nitrogen nutrition of Chinese fir seedlings exposed to nutrient 
loading and fertilization. Plant Soil 216: 83-91. https://doi.org/10.1023/A:1004733714217 
Yang L, Liu N, Ren H, Wang J (2009) Facilitation by two exotic Acacia: Acacia auriculiformis and Acacia 
mangium as nurse plants in South China. For Ecol Manage 257: 1786-1793. 
https://doi.org/10.1016/j.foreco.2009.01.033 
Youngblood AP, Zasada JC (1991) White spruce artificial regeneration options on river floodplains in 
interior Alaska. Can J For Res 21: 423-433. https://doi.org/10.1139/x91-057 
Youngblood A, Cole E, Newton N (2011) Survival and growth response of white spruce stock types to site 
preparation in Alaska. Can J For Res 41: 793-809.  https://doi.org/10.1139/x11-001 
Zhu J, Lu D, Zhang W (2014) Effects of gaps on regeneration of woody plants: a meta-analysis. J For Res 
25: 501-510. https://doi.org/10.1007/s11676-014-0489-3 
Zobel BJ, Talbert JT (1984) Applied forest tree improvement. Wiley, New York. 
